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! 
Important scientific questions concerning pure fluids and fluid 
mixtures near critical points are identified and are related to the 
progress of several disciplines. Consideration ie given to questions 
about thermodynamic properties, transport properties, and the complex 
nonlinear phenomena which occur when fluids undergo phase transitions in 
the critical region. We discuss, quantitatively, the limitations to 
answering these questions by experiments in the earth's gravitational 
field. The distinction is made betveen practical limits which may be 
extended by advances in technology and intrinsic ones which arise from 
the modification of fluid properties by the earth's gravitational field. 
The kinds of experiments near critical points which could best exploit 
the low gravity environment of an orbiting laboratory ore identified. 
These include s tadies of the index of refraction, cons tent volume 
specific heat, and phase separation. 
Key words: Critical point; gravity effects; phase transitions. 
1. Phase T r a n s i t i o n  and C r i t i c a l  Phenomena i n  F lu ids :  S c i e n t i f i c  Quest ions  
and I n t e r a c t i o n s  wi th  Other Discipl ines .  
1.1 In t roduc t ion  
The j u s t i f i c a t i o n  f o r  space experiments i n  t h e  a r e a  of "Phase Trans i t ion  
arid C r i t i c a l  Phenomena i n  Fluids" is e s e e n t i a l l y  s c i e n t i f i c .  This  p a r t i c u l a r  
arPa of sc ience has s t rong  i n t e r a c t i o n s  with s o l i d  s t a t e  physics ,  f l u i d  physics 
and o t h e r  a reas  of physics. We may expect t h a t  s c i e n t i f i c  advances i n  these  
a reas  w i l l  b r ing ,  i n d i r e c t l y ,  long term technological  cnd economic b e n e f i t s ;  
houever, !t cannot be s a i d  t h a t  t h e  Apace experiments i n  themselves w i l l  produce 
such b e n e f i t s .  Theref o r e  t h e  j u s t i f i c a t i o n  f o r  space experiments i n  
phase t r a n s i t i o n  and x i t i c a l  phenomena i n  f l u i d s  depends upon f i r s t  e s t a b l i s h i n g  
t h a t  t h i s  is an important,  a c t i v e  f i e l d  of s c i e n t i f i c  resea rch  and secondly, 
upon e s t a b l i s h i n g  t h a t  space experiments a r e  l i k e l y  t o  have a  major impact on 
i t s  f u r t h e r  development. A l a r g e  p a r t  of t h e  importance of t h i s  a r e a  of 
research r e s u l t s  from i ts  i n i t i m a t e  r e l a t i o n s h i p  t o  many a r e a s  of s o l i d  s t a t e  
sc ience.  This  w i l l  be discussed i n  the  next sect ion.  I n  o r d e r  t o  develop a  
r a t i o n a l e  f o r  t h e  argument t h a t  apace experiments can have a  ma2or impact i n  
t h i s  a r e a  of research,  we f i r s t  Ciecuss t h e  important unanswered ques t ions  on 
t h e  s u h j e c t ;  we then desc r ibe  how g r a v i t y  imposes severe  l i m i t a t i o n s  i n  
f ind ing  experimental  answers t o  t h e s e  ques t ions ;  and, f i n a l l y ,  we i n d i c a t e  t o  
what e x t e n t  t h e s e  l i m i t a t i o n s  can be reduced by conducting experiments i n  
space. 
1.2 The Relationship of "Phase Transi t ion and C r i t i c a l  Phenomena i n  
Fluidstt t o  other  Dircipl iner  . 
Many of the  research ~ u b j e c t s  dercribed as included i n  research on 
"phase t r ans i t i on  and c r i t i c a l  phmomana i n  f luids"  a r e  int imately r e l a t ed  t o  
s imi l a r  subjec ts  i n  eo l id  s t a t e  physics. The experimental phenomena observed 
and the  theo re t i ca l  i d e m  used t o  describe both f l u i d s  and so l id s  have a high 
degree of overlap. Indeed, t h i s  overlap is recognized by the "Phys-cs and 
Aetronomy Class i f ica t ion  Scheme, 1975" adopted by the Abstracting Board of t h e  
1, t e rna t iona l  Council of S c i e n t i f i c  Unions. Thie c l a se i f  i ca t ion  scheme, 
which i e  used f o r  grouping e c i e n t i f i c  a r t i c l e s  f o r  publ icat ion and information 
r e t r i e v a l ,  groups "phase equ i l i b r i a ,  phaee t ransi t ione and c r i t i c a l  points" 
together f o r  both s o l i d  and f l u i d  systems. We expect t h a t  important experiments on 
f l u i d  systeme, such as  those t o  be defined i n  t h i s  study, w i l l  have a substan- 
t i a l  impact on corresponding areas  of r o l i d  e t a t e  science. The bas is  f o r  our 
expectation i s  the s t rong in te r re la t ionehip  i n  recent hietory between the  
etudy of phase t r ans i t i on  and c r i t i c a l  phenomena i n  f l u i d  and i n  s o l i d  syetems. 
The i n t e r r e l a t i ~ n e h i p  a r i eee  from analogies between many phenomena which occur 
near the  c r i t i c a l  po in t  of the  liquid-gas phase t r ans i t i on  i n  pure f l u i d s  and 
phenomena which occur at a corresponding " c r i t i c a l  point" of phaee t r ans i t i ons  
i n  very d i f  fe ren t  kinds of physical eysteme. A l i s t  of these d i f f e r en t  kinds 
of physical systeme would include ferromagnets near the Curie point ,  ant i -  
ferromagnete near the  NCel point ,  c e r t a in  f e r r o e l e c t r i c s  near the ferro-  
e lec t r ic -parae lec t r ic  phase t r ans i t i on ,  a l loys  exhibi t ing order-dieorder 
t r ans i t i ons  (e.g. 0-braes), c rys t a l s  exhibi t ing order-dieorder s t r u c t u r a l  
t r ans i t i ons  (e. g. ammonium chloride) , binary l i qu id  mixturee near consolute 
points ,  rnulticomponent f l u i d  mixtures near p l a i t  pointe ,  and helium near i t s  
superf  lu id  t r a n s i t i o n .  (For genera l  r e fe rences  on t h e s e  s u b j e c t s  see:  
Elcock, 1956; Stanley,  1971; H e l l e r ,  1967; F i s h e r ,  1967). 
I n  each of t h e s e  p h y s i c a l  systems, t h e r e  is a  "qual i ty"  (such a s  the  
d i f f e r e n c e  between tne  d e n s i t i e s  of t h e  l i q u i d  and vapor phases o f , a  f l u i d )  
which d i s t i n g u i s h e s  between two phases which coex i s t  i n  thermodynamic equ i l ib -  
rium. A s  t h e  c r i t i c a l  po in t  i s  approached t h i s  q u a l i t y  p r a d u a l l x  d isappears .  
The gradual  disappearance of  t h i s  q u a l i t y  is  t h e  most obvious f e a t u r e  which 
d i s t i n g u i s h e s  phase t r a t s i t i o n s  wi th  c r i t i c a l  p o i n t s  from o t h e r  s o r z s  of phase 
- 
t r a n s i t i o n s  such a s  mel t ing,  s u b l i a a t i o n ,  o r  c r y s t a l l o g r a p h i c  phase changes. 
The d i v e r s e  phys ica l  systems with c r i t i c a l  p o i n t s  nave a number of 
experimental  p r o p e r t i e s  i n  common near  t h e i r  r e s p e c t i v e  c r i t i c a l  p c i n t s .  They 
a l l  e x h i b i t  a  s p e c i f i c  hea t  anomaly, long thermal r e l a x a t i o n  t imes ,  a  marked 
s e n s i t i v i t y  to e x t e r n a l  f i e l d s  and i m p u r i t i e s ,  and t h e  q u a l i t y  which i s  
disappear ing shows l a r g e  long-l ived f l u c t u a t i o n s .  The d e n s i t y  f l u c t u a t i o n s  i n  
a  pure f l u i d  a r e  r espons ib le  f o r  t h e  s t r i k i n g  v i s u a l  e f f e c t s  c a l l e d  c x i t i c a l  
opalescence. Analogous f l u c t u a t i o n s  i n  s o l i d  systems manifest  -hemselves i n  
ways such a s  enhanced neutron s c a t t e r i n g ,  u l t r a s o n i c  a t t e n u a t i o n ,  and 
e l e c t r i c a l  r e s i s t i v i t y .  
The e x i s t e n c e  of d i v e r s e  phys ica l  systems d i sp lay ing  analogous c r i t i c a l  
phenomena provides  t h e  experimenter wi th  t h e  oppor tuni ty  t o  choose both the  
b e s t  m a t e r i a l  and t h e  b e s t  technique f o r  s tudying one o r  another  aspect  of 
c r i t i c a l  phenomena. For example, t h e  s i z e  of f l u c t u a t i o n s  is  r a t h e r  e a s i l y  
s tud ied  i n  magnetic s o l i d s  wi th  neutron s c a t t e r i n g ,  even very f a r  from the  
c r i t i c a l  point .  The same technique cannot be used extremely c l o s e  t o  t h e  
c r i t i c a l  point  because t h e  f l u c t u a t i o n s  become much Larger than t h e  wavelength 
of t h e  neutrons  a v a i l a b l e ,  On t h e  o t h e r  hand, f l u c t u a t i o n s  i n  f l u i d s  may be 
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studied e a s i l y  q u i t e  c lose t o  t h e  c r i t i c a l  point using sca t te red  l i gh t .  We 
wish t o  emphasize t h a t  axtremely c lo re  (often near 99.9% of the 
c r i t i c a l  tenperature) t o  c r i t i c a l  points ,  a l l  experiments on so l id s  a r e  l imited 
by l a t t i c e  s t r a i n s  which r e s u l t  f r o a  lmpuritiee,  vacancies, e tc .  Thus 
experiments with f l u ids  (which continuously "anneal" themselves) o f f e r  the bes t  
opportuni t ies  f o r  c lo ses t  approach t o  the c r i t i c a l  point.  
Since c r i t i c a l  phenomena occur i n  a wide range of systems, one might expect 
t h a t  t h e i r  t heo re t i ca l  explanation does not  depend upon the de ta i led  nature of 
the  interatomic forces  i n  each system but ra ther ,  c be baaed upon an 
accurate  treatment of in te rac t ions  which contain only those few general 
proper t ies  of the  t rue  interatomic forces  which a r e  needed t o  make c r i t i c a l  
po in ts  occur. Accordingly, s imi la r  t heo re t i ca l  treatments of microscopic 
i n t e rac t ions  have been used t o  i n t e r p r e t  da t a  on these diverse systems. The 
van der  Waals model of a f l u id ,  molecular f i e l d  model of a ferromagnet, and 
t h e  Bragg-Williame model of a binary a l loy  a r e  closely re la ted  i n  approach and 
y i e l d  similar preriictions concerning thermodynamic proper t ies  near the c r i t i c a l  
point of each of the  corresponding syetems. There is an exact correspondence 
between t h e  l a t t i c e  gas model of a f l u i d  and the  Ieing model of a ferromagnet. 
This correspondence has been expioi ted a s  a p l a u s i b i l i t y  argument fo r  taking 
a wide va r i e ty  of t heo re t i ca l  r e su l to  based on l a t t i c e  models of c r i t i c a l  
phenomena a ~ d  applying them t o  describe r e a l  f l u i d s  a s  wel l  a s  r e a l  s o l i d s  
near c r i t i c a l  points.  In te res t ing ly ,  several  important recent advances i n  the 
theory of l a t t i c e  modele a r e  outgrowths of the  "renormalization group" 
technique, a trchnique developed f o r  problems i n  t heo re t i ca l  high energy 
physics (Ma, 1973). 
Other aspects  of phase t r a n s i t i o n  phenomena i n  l iqu ids  have s o l i d  s t a t e  
counterparts,  Away from the c r i t i c a l  point  i t s e l f ,  phaee t r a n s i t i o n s  in  both 
f l u i d s  and so l id s  may be i n i t i a t e d  by nucleation processes o r  may occur 
spontaneously through a spinodal decamposition machanism. The theo re t i ca l  
descr ip t ion  of these processer make use of the concepts of i n t e r f a c i a l  energy, 
bulk f r e e  energy, and diffusion. The concepts a r e  appl!cable t o  both f lu id  
.L 
and so l id  systems. The time sca les  f o r  phase changes a r e  very d i f f e r en t  f o r  
f l u id  and so l id  eysteme, thus f a c i l i t a t i n g  complementary experimental s tud ies  - 
which banef i t  the  understanding of both f lu ids  and sol ids .  (Cahn, 1968; 
Langer and Bar-on, 1973; Schwartz etg., 1975). 
In  summary, basic  s c i e n t i f i c  s tud ies  of phaee t rans i t ion8  and c r i t i c a l  
phenomena i n  f l u i d s  a r e  closely re la ted  t o  the study of a imilar  phenomena i n  
s o l i d  systems. It is  ale0 qu i t e  l i k e l y  tha t  future developments i n  chemical 
engineering w i l l  explo i t  the progress now being made in  the understanding of 
thermodynaanic and t ranspor t  p roper t ie r  of f l u i d s  near c r i t i c a l  points .  In the 
study of pure f l u ids ,  equations of s t a t e  f o r  the c r i t i c a l  region have been 
developed recent ly which a r e  much more accurate representations of data  than 
a re  standard engineering equations. (Levelt Sengere e t  a l .  1976). Theee new 
representat ions have very few parametere which must be adjusted f o r  each f l u i d ;  
thus , they require  fewer exper! -?ntal  measurement s f o r  r e l i ak l e  predict  ions. 
The extension of these new equations t o  spec ia l  mixtures has been demonstrated 
and work on extending them t o  mixtures of engineering in t e ree t  is in  progress. 
(Leung and Gr i f f i t he ,  1973; D ' ~ r r i g o  e t  a l . ,  1975). Similarladvancee have 
occurred and a r e  occurring i n  the cor re la t ion  and predict ion of t ransport  . 
propert ie8 i n  the C r i t i c a l  region. Thue we can expect t ha t  advances i n  the 
e c i e n t i f i c  underatanding of phaee t r ans i t i on  and c r i t i c a l  phenomena i n  f l u i d s  
w i l l  inf luence chemical engineering prac t ice ,  
1.3 Important Questions i n  Phase Transition and Cr i t i ca l  Phenomena in 
Fluide . 
-
We w i l l  coneider mom of the important s c i e n t i f i c  questions i n  the 
a rea  of phase t r a n s i t i o n  and c r i t i c a l  phenomena i n  f l u i d s  which a re  amenable 
a t  l e a s t  t o  a p a r t i a l  answer by experiment. Naturally t h i s  cannot be done 
without some reference t o  current theore t ica l  ideas. We w i l l  f irst  discuss 
pure f l u i d s  and then f l u i d  mixtures. Ferhaps the s ingle  most important 
question i n  t h i s  a rea  is: exact ly how much a l ike  a re  the super f ic ia l ly  
analogous phenomena occurring . i n  t k e  la rge  variety of sys terns showing c r i t i c a l  
points?  Rigorous renormalization group calcuSations which apply to  large 
c lasses  of model systems indica te  t ha t  s t a t i c  corr9lation functions and a l l  
the  thermodynamic propert ies  (each of which can of course be calculated from 
the cor re la t ion  functions) a r e  "univereal" ( i n  the sense tha t  the same 
descript ion appl ies  t o  each) asymptotically cioee to  the c r i t i c a l  point. More 
spec i f i ca l ly ,  they predict  t ha t  the correlat ion functions w i l l  depend upon t h e  
dimensionality of the system under consideration (e.g. whether i t  is two 
dimensional l i k e  a membrane o r  th ree  dimensional l i k e  a c rys ta l )  and the 
dimensionality of t he  "order parameter" (or the "quality" which vanishes as  
phases become iden t i ca l  a t  the  c r i t i c a l  point). Thus the correlat ion 
funct ions f o r  a f l u i d  (where the order  parameter i s  the sca l a r  dif f erence i n  
denel ty  between coexisting phaeee)' w i l l  d i f f e r  from correlat ion functions f o r  
i so t rop ic  magnets (where the order parameter is a three-dimensional vector) . 
(Wilson and Kogut, 1974). 
Variables euch ao the  l a t t i c e  r t ruc tu re  (e.g. hexagonal close-packed or 
cubic) and the preeence o r  absence of second nearest neighbor interact ions 
etc .  a r e  expected t o  be i r r e l evan t  i n  determining the functional 
form of t h e  asymptotic expansions of c o r r e l a t i o n  func t ions  and thermodynamic 
iunc t ions ;  however these  o t h e r  v a r i a b l e s  w i l l  determine t h e  numerical  value  :f 
t he  c r l t i c a l  temperature i t s e l f  and numerical values  of v a r i o u s  amplitudes i n  
t h e  expansions f o r  c o r r e l a t i o n  and thermodynamic funct ions .  A t  t h e  p resen t  
t ime,  nea r ly  a l l  thermodynamic experiments on pure  simple f l u i d s  i n d i c a t e  srcall,  
but expb?rimentally s i g n i f i c a n t ,  d i f f e r e n c e s  between t h e  measured p r o p e r t i e s  and 
those  c a l c u l a t e d  f o r  t h r e e  dimensional l a t t i c e  models wi th  a s c a l a r  o rde r  
parameter. (Levelt  Sengers and Sengers, 1977). I t  i s  p o s s i b l e  t h a t  these  
.. 
d i f f e r e n c e s  i n d i c a t e  t h a t  f l u i d s  do no t  belong t o  t h e  same "un ive rsa l i ty"  c l a s s  
as the  l a t t i c e  models wi th  a s c a l a r  o r d e r  parameter. It is a l s o  p o s s i b l e  these  
d i f f e r e n c e s  i n d i c a t e  t h a t  t h e  amplitudes of t h e  c o r r e c t i o n s  t o  asymptotic behavior 
a r e  q u i t e  d i f f e r e n t  f o r  f l u i d s  than f o r  t h e  l a t t i c e  models e tudied.  An experimental  
d i s t i n c t i o n  b e t w e n  these  two p o s s i b i l i t i e s  would be  of g r e a t  value  i n  understanding 
the  range of a p p l i c a b i l i t y  of t h i s  important  i d e a  of u n i v e r s a l i t y .  It is  p o s s i b l e  
that t h i s  d i s t inc t+-on  could be  made by measurements of thermodynamic p r o p e r t i e s  
c l o s e r  ta t h e  c r i t i c a l  po in t  than is now p o s s i b l e  i n  experiments c a r r i e d  ou t  
i n  t h e  e a r t h ' s  g r a v i t a t i o n a l  f i e l d .  The vc y same s i t u a t i o n  e x i s t s  t o  a l e s s e r  
degree when d i f f e r e n t  pure  f l u i d s  a r e  intercompared. The apparent  d i f f e r e n c e s  
between f l u i d s  a r e  smal le r  (hence s u b j e c t  t o  g r e a t e r  experimental  u n c e r t a i n t i e u )  
than  t h e  d i f f e r e n c e s  between f l u i d s  a s  a c l a s s  and l a t t i c e  models; however, t h e  
same ques t ion  e x i s t s  regarding t h e i r  o r i g i n .  Again, the  answer could r e s u l t  
from experiments c a r r i e d  o u t  c l o s e r  t o  t h e  c r i t i c a l  po in t  than p r e s e n t l y  
poss ib le .  
The decay of t h e  range of  d e n s i t y  f l u c t u a t i o n e  ( o r  t h e  p a i r  c o r r e l a t i o n  
l eng th )  may be measured by measuring t h e  angular  d i a t r i b u t i o n  of l i g h t ,  
X-rays, o r  neutrons  s c a t t e r e d  by a f l u i d .  h e  temperature and d e n s i t y  
dependence of t h i s  q u a n t i t y  is p red ic ted  t o  be un ive r sa l ,  bu t  a s i g n i f i c a n t  
t e s t  o f  u n i v e r s a l i t y  cannot be made u n t i l  ttm condit iono a r e  met: 1; The 
wavelength of t h e  i n c i d e n t  r a d i a t i o n  must be s h o r t  compared wi th  t h e  range of 
c o r r e l a t i o n .  2) The wavelength of t h e  inc iden t  r a d i a t i o n  ruust be long .-. - .red 
wi th  t h e  range of t h e  in te ra tomic  fo rces ,  Neutron and X-ray s c a t t e r  ..J 
experiments e a s i l y  s a t i s f y  t h e  f i r s t  c r i t e r i o n ;  however, t h e  second c r i t e r i o n  
is no t  we l l  s a t i s f i e d  i n  presont  experiments. Thus, a  somewhat arbitrsx-! 
separation of t h e  observed s c a t t e r i n g  i n t o  G p a r t  due t o  c r i t i c a l  f l u c t u e  : ions 
and a  p a r t  due t o  s h o r t  range o rder  i n  the  f l u i d  is now required p r i o r  t o  a 
t e s t  of t h e  p r e d i c t i o n s  of universaLi ty  (as def ined abave). The b e s t  
experiments t o  d a t e  Feem t o  i n d i c a t e  s i g n i f i c a n t  d i f f e r e n c e s  between the  
p r e d i c t i o n s  of l a t c i c e  models and t h e  behavior of real f l u i d s  (Warkulwiz 5 &. , 
1974; Lin and Schmidt, 1974). Experiuente wi th  s c a t t e r e d  l i g h t  a r e  now unable 
t o  s a t i s f y  t h e  c r i t e r i o n  mentioned above chat  t h e  wavelength be much smal ler  
than t h e  c o r r e l a t i o n  l eng th ,  The correlat!.on length  inc reases  rap id ly  as t h e  
c r i t i c a l  po in t  i s  reached, I n  a  low g r a v i t y  environment, the  c r i t i c a l  po in t  
could be approached much c l o s e r  than is now p o s s i b l e ;  thus  a  much t i g h t e r  test 
of t h i s  a spec t  of u n i v e r s a l i t y  w i l l  be poesible .  
Other ques t ions  which may be anawered by experimente defined w i t h i 5  t h i s  
s tudy p e r t a i n  more s p e c i f l c a l l p  t o  aspec t s  of f l u i d  dynamics and s t r u c t u r e .  
Hence t h e  Lnswere a r e  less l i k e l y  t o  have as broad sn  impacr on condensed 
mat te r  sc ience  than would a  c l e a r  answer t o  t h e  ques t ion  of u n i v e r s a l i t y .  
Nevertheless,  t h e  p r o p e r t i e s  of f l u i d s  a r e  s u f f i c i e n t l y  a l i k e  a t  c r i t i c a l  
point  r t h a t  ques t ions  about l a r g e  c l a s s e e  of f l u i d s  may be answered wi th  an 
experiment on one o r  two f l u i d s .  
Questions of considerable  i n t e r e s t  are: What is t h e  n a t u r e  of t h e  smal l  
anomalies which occur i n  t h e  virrcoeity (Sengers, 1973), d i e l e c t r i c  constant  
(Hartley e t  a l . ,  1974), r e f r a c t i v e  index (Hocken and S t e l l ,  1373; S t e l l  and 
Iloye, 1974; Bedeaux and Mazur , 1973), and diameter of t h e  coexis tence curve 
(Weiner - e t  .- r.. . , 1974) ( i .e ,  the  average of t h e  l i q u i d  end vapor d e n s i t i e s )  a s  
t h e  c r i t i c a l  i o i n t  i s  approached? There are t h e o r e t i c a l  and experimental. , 
con t rovers ies  cn the  n a t u r e  of t h e  anomaly f o r  each of these  p roper t i e s .  ~t 
i s  reesonable t o  be l i eve  t h a t  t h e  m o r e , d e f i n i t i v e  experimental  r e s u l t s  
aval- lable  from lob -g experiments would have a s i g n i f i c a n t  impact on the  
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t h e o r i e s  f o r  t h e s e  k r o p e r t i e s  i n  f l u i d s .  The experimental  na tu re  of t h e  
s t r o n g e r  c r i t i c a l  poir. t anomalies i n  sound a t t e n u a t i o n  (Thoen and Garland, 
1974) and thermal conduc'ivity (Sengers, 1973) is somewhat b e t t e r  understood 
from e a r t h  based exper imen~s ,  hence, low-g ecvironments a r e  l e s s  l i k e l y  t o  
have an !mpact on t h e  theory ,\f these  p roper t i e s .  
The dynamics of t h e  process ,-f macroscapic phase change i n  pure f l u i d s  i s  
poorly understood i n  t h e  v i c i n i t y  or t h e  c r i t i c a l  pc. ?t. A v a r i e t y  of 
ques t ions  remain t o  be answered. We w i l l  b r i e f l y  mention a few. There i s  
l e a s t  one observat ion which suggests  standat: nucleat ion t h e o r i e s  a r e  
fundamentally wrong near  t h e  c r i t i c a l  point  i n  po:e f l u ~ d s  (Huang et&., 1975). 
Is t h i s  pbsetvat ion cor rec t?  Other earthbound experimzqts a r e  necessary i n  
t h i s  a rea ,  but oniy i n  a low g r a v i t y  environment w t l l  i t  be ;oss ible  t o  ob ta in  
a homogeneous, maqroscopic volume of a f l u i d  under condi t ions  suf i !c icnt ly  
c l o s e  t o  c r i t i c a l  t o  y i e l d  a d e f i n i t i v e  s tudy  of t h i s  problem. The s p i n o k l  
decomposition mechanism of phase separa t ion  occurs  i n  a l l o y s ,  g l a s s e s ,  and 
binary l i q u i d  mixtures (Schwartz e t  a l . ,  1975). Does t h i s  process  occur i n  
pure f l u i d s ?  I f  i t  does, i t  is  q u i t e  l i k e l y  t h a t  t h a  s tudy of spinoda! 
decomposition i n  pure f l u i d s  (where many of t h e  T4acroscopic parametGrs of the  
theory a r e  we l l  understood) w i l l  clerif)  t h e  understanding of spinodal  
decompositwn i n  t h e s e  o t h e r  kinds of syeteme. Are t h e r e  c r i t i c a l  ;oint  
anomalies i n  t h e  process  of bubble and d r o p l e t  growth ( o r  evaporat ion and 
condensationj? Do they in f luence  t h e  time of e q u i l i b r a t i c n  of macroscopic 
two-phase samples of pure f l u i d e  a8 has  been e u g g e ~ t e d  i n  two publ ic  : '-one? 
(Dahl and Moldover, 1972; Brown and me ye^, 1972). What w i l l  be the  doninant 
mechanisms f o r  macroscopic phase sepa+ l t i o n  upon cool ing a pure f l u i d  below 
t h e  c r i t i c a l  p o i n t  i f  bouyant fo rcea  on bubbles and d r o p l e t s  a r e  g r e q t l y  
reduced? Many ~ t h e r  ques t ions  a r e  p o s s i b l e  i n  t h i s  poorly understood a r e a  
.e 
of p h a ~ e  separa t ion.  
I n  f l u i d  mixtures ,  important  s c i e n t i f i c  ques t ions  analogous t o  the  ones 
above e x i s t .  S p e c i f i c a l l y ,  the  quest ion:  Do r e a l  f l u i d  mixtures have the  
same "uciversa l"  thermodynamic and c o r r e l a t i o n  func t ion  behavior ao l a t t i c e  
models and/or  pure f l u i d s ,  i s  unanswered. This  ques t ion is  more d i f f i c u l t  t o  
answer f o r  mixturet i,. -:ause they have a d d i t i o n a l  thermodynamic v a r i a b l e s .  For  
example t h e  "qual i ty"  which disappears  a t  t h e  c r i t i c a l  po in t  may be thought of  
a s  being e i t h e r  a mass dens i ty  d i f f e r e n c e  o r  a composition d i f f e r e n c e  between 
coex i s t ing  phases. I n  p r i n c i p l e ,  i f  t h e  c r i t i c a l  po in t  i s  approachsd c l o s e l : ~  
en(. ~ h ,  e i t h e r  of  theae  v a r i a b l e s  ( o r  c e r t a i n  o t h e r s )  could be used t o  ansder 
t h e  q u e s t i o n  o f  u n i v e r s a l i t y .  Q u e ~ ~ i o n s  analogous t o  those  above may be  asked 
about weak a ~ o m a l i e s  and t r a n s p o r t  p r o p e r t i e s  i n  f l u i d  m ~ x t u r e s .  The r o l e  of 
g r a v i t y  a s  an  experimental  l i m i t a t i o n  t o  answering these  ques t ions  i s  much l e s s  
c l e a r  i n  the  c a s t  of mixtures thar. i n  t h e  case  of  pure f l u i d s .  TIUS w i l l  be 
discussed b r i e f i p  bdlow. 
2. Opportunities Provided by a l o r g  Rwitanment. 
2.1 Introduction 
In  t h i s  sec t ion  we w i l l  dircuas i n  d e t a i l  the  manner i n  which gravi ty 
a f f e c t s  phase t r ans i t i on  and c r i t i c a l  phenomena experiments i n  f l u ids .  We w i l l  
see t h a t  grav i ty  l i m i t s  the  closeness with which the  c r i t i c a l  point  may be 
approached i n  a l l  earthbound experiments. Thus a lov-g environment w i l l  
provide an opportunity f o r  conducting experiments c loser  t o  t he  c r i t i c a l  point c 
than is possible  on earth.  
Wascrements - 2  the  eqailibrium propert ies  of pure f l u i d s  near the  c r i t i c a l  
point can i n  pr inc ip le  encotmcer two d i s t i n c t  kinds of l imi ta t ions  because of 
the ear th ' s  g rav i ta t iona l  f ie ld .  One kind of l imi ta t ion  is e s sen t i a l l y  a 
technical  one. A 1 1  experiments meaeure average propert ies  ove- some f i n i t e  
height. Since the  va r i a t i on  of f l u i d  propert ies  with height becomes 
increasingly la rge  as the c r i t i c a l  point is approached, t h i s  averaging causes 
increasing ; . m r s  as t he  c r i t i c a l  point is approached. I n  p r a c t i c a l  cases  an 
irkportant averaging e r r o r  occurs even f o r  o p t i c a l  measurements (which a t  f i r s t  
thought might be expected t o  average over a height of a wavelength of l i g h t  
-0.5 m ) .  The s i z e  of t h i s  "averaging error" depends both upon the property 
measured and the  technique used t o  measure it. We w i l l  consider representat ive 
cases below. We w i l l  f ind tha t  f o r  nearly a l l  experiments the closeness of 
approach t o  t he  c r i t i c a l  point  i e  limited by averaging er rors .  These e r ro r s  
may prevent the answering of many of the questions we raised i n  the l a s t  
A second kind of l imi ta t ion  t o  accuracy i n  the  measurement of equilibrium 
. 
propert ies  of pure f l u i d s  which is imposed by the presence of the ear th ' s  
g rav i ta t iona l  f i e l d  is an una-~oidable o r  " intr insic"  l imitat ion.  Relatively 
simple conaiderations show t h a t  c lo se  enough t o  t ke  c r i t i c a i  point  t he  
co r r e l a t i on  length (or  the  s i z e  of t he  denr i ty  f luc tus t ions)  f o r  the  f l u i d  is 
l imited t he  ea r th ' s  g r av i ty  f i e l d  much as it  would be l imited i f  the  f l u i d  
were piaced i n  a' small container. This means t h a t  the proper t ies  of the  f l u id  
i t s e l f  a r e  a l t e r ed  by the g rav i t a t i ona l  f i e ld .  No improvements i n  experimental 
technique w i l l  enable earthbourid experiments t o  overcome t h i s  l imi ta t ion .  To 
date  there  a r e  no experiments which are l imi ted  by t h i s  phenomenon, but i t  
appears t h a t  t h i s  l i m i t  w i l l  be approached i n  the  near  future.  
Gravity en t e r s  i n t o  the  study of the  dynamics of phase changes i n  pure 
f l u i d s  and most f l u i d  mixtures by causing r e l a t i v e  motion of t he  two phases 
which a r e  almost invariably of d i f f e r e n t  dens i t i es .  Thus i n  a l-g environment 
a bubble o r  droplet  w i l l  rapidly t r a v e l  t o  the top o r  bottom of a macroscopic 
sample a f t e r  i t  has grown t o  a s i z e  of the  order of 10 Lm. There a r e  a 
va r i e ty  of  " levi ta t ion" techniques f o r  studying droplet  and bubble growth 
which circumvent sedimentation. Unfortunately, none have been demonstrated a s  
being a p p r o p ~ i a t e  f o r  s t ud i e s  of pure f l u i d s  near c r i t i c a l  po in ts  where prec ise  
cont ro l  of temperature and pressure a r e  a l so  required. 
I f  the  study of binary l i qu id  mixtures were conducted a t  equilibrium near 
t h e i r  c r i t i c a l  (consolute) po in ts ,  "averaging e r rors"  s imi l a r  t o  those which 
occur i n  pure f l u i d s ,  would appear. I n  prac t ice ,  most binary mixture s tud i e s  
have been conducted a t  constant temperature bu t  not  i n  d i f f u s i v e  equilibrium 
so t h a t  a d i f f e r en t  kind of  e r r o r  is present. The d i f fu s ion  constant tends 
towards zero a t  t he  c r i t i c a l  point  and d i f fu s ive  equilibrium may take days o r  
weeks i n  samples a 1 cm high moderately close t o  the  c r i t i c a l  point.  It has 
recent ly  been s h o w  t h a t  t h e  "pressure d i f fus ion  coef f ic ien t"  diverges a t  t h e  
consolute po in t  of binary l i qu id  mixtures (Creer et& . ,  1975; Giglio and 

2.2 Averaging Errors  i n  "Bulk" Experiments. 
A s  a f i r s t  and most simple f l l u s t r a t i o n  of averaging e r r o r s  we now 
consider a hypothetical experiment t o  measure t he  density of a pure f l u i d  as  
a funct ion of height exect ly  a t  the  c r i t i c a l  temperature. Such a measurement 
together  with the thermodynamic r e l a t i o n  f o r  the g rav i t a t i on  contr ibut ion t o  
the  chemical po t en t i a l ,  
(where 8 is the  accelerat ion due t o  grav i ty ,  m is the molecular mass, z 
is the  height coordinate increasing upward, and u is the chemical po t en t i a l  
per p a r t i c l e )  would make i t  possible  t o  t e s t  the predict ions of many model 
equations of s t a t e .  
These model equations of s t a t e  a l l  p red ic t  (see appendix A) a c r i t i c a l  
i: - t h e m  of t he  form 
(Here u, P and p are the  values of the  chemical po t en t i a l ,  pressure,  and number 
densi ty  respect ively,  and the  subscr ip t  c ind ica tes  t he  c r i t i c a l  value; D i s  
a numerical f ac to r  of order unity which va r i e s  from f lu id  t o  f l u i d  and 5 is a 
" c r i t i c a l  exponent" which w i l l  be the same f o r  a l l  f l u i d s  ~f un iversa l i ty  holds for  
5 
f l u i d s  i n  t he  c r i t i c a l  region.) Fig. 2.1 shows the outcome of an i dea l  experiment of 
b 
t h i s  kind with xenon. This f igure  was constructed using the numerical values f o r  
the  parameters l i s t e d  i n  appendix D. Note t ha t  t he  dens i ty  can change by more 
Fig. 2.1. The va r i a t i on  of the reduced densi ty  of xenon with height a t  the 
c r i t i c a l  temperature. The calculated curve is  displayed on two d i f f e ren t  ecalee. 
Note t h a t  near t h e  c r i t i c a l  density,  a pressure chanpe of PC w i l l  cause the  
density t o  change 5% and a  pressure chang? of 10-9 PC w i l l  cause the  densi ty  t o  
change 1%. 
than 5% a s  a result of a p ressure  change, AP, vhich is only one one-millionth 
of t h e  c r i t i c a l  pressure.  At equi l ibr ium t h i s  p ressure  change occurs ( a t  
normal e a r t h  g r a v i t y ,  go) wi th  a height  change from 0.25 mm below t h e  meniscus 
t o  0.25 mm above t h e  meniscus. We have chosen xenon f o r  t h i s  numerical 
i l l k a t r a t i o n  (and o t h e r s  i n  t h i s  r e p o r t )  because i t  is one o f  t h e  few f l u i d 8  
f o r  which r e l a t i v e l y  complete d a t a  e x i s t  i n  t h e  c r i t i c a l  region. I t  is i n e r t ,  
a v a i l a b l e  i n  high p u r i t y  and has  a c r i t i c a l  temperature near  room temperature. 
(C02 and SF6 a r e  o t h e r  w e l l  s tud ied  f l u i d s  which a r e  l i k e l y  candidates  f o r  
l o r g  experiments.) 
One p r a c t i c a l  instrument f o r  t h e  measurement of f l u i d  d e n s i t i e s  i n  thermal 
e q u i l i b r i u  a t  go is  a f l o a t  densimeter (Greer et a l . ,  1974). I n  t h i s  
instrument t h e  bouyant f o r c e  on a f l o a t  of known dens i ty  i s  balanced w i t h  a 
s p r i n g  o r  magnetic r e s t o r i n g  force.  The d e f l e c t i o n  of t h e  sp r ing  o r  the  
cur ren t  i n  t h e  electromagnet is then a measure of 5 ,  the  d i f f e r e n c e  between the  
average f l o a t  dens i ty  and t h e  average of t h e  f l u i d  dens i ty  over the  f l o a t ' s  
height.  Quan t i t a t ive ly ,  
IPf l u i d  (2) U ( Z )  d~ 6 = 
ra(z) dz 
where a(z)  i s  t h e  c r o s s  s e c t i o n a l  a r e a  of t h e  f l o a t  as a funct ion of height .  
The outcome of  a hypothe t i ca l  experiment wi th  a 1 nun high c y l i n d r i c a l  f l o a t  i s  
ahown i n  Fig. 2.2 ( l e f t ) .  The average d e n s i t y  5 ( p o i n t s  i n  Fig. 2 )  d i f f e r s  
s u b s t a n t i a l l y  from the  l o c a l  dens i ty  a t  t h e  average he igh t ,  Z ,  of t h e  f l o a t  as 
aoon a s  any por t ion  of t h e  f l o a t  over laps  t h e  meniscus. An a l t e r n a t i v e  
presentat ion of the  "data" is  of i n t e r e s t .  We may think of t h i s  experiment a s  
one wnich measures an average "suscept ibi l i ty" ,  xT, of the f lu id .  This 
s u s c e p t i b i l i t y  is  thermodynamically r e l a t ed  t o  the isothermal compressibil i ty 
and plays a r o l e  i n  t he  study of f l u i d s  which is analogous t o  the r o l e  of the 
magnetic s u s c e p t i b i l i t y  near a magnetic c r i t i c a l  point.  By de f in i t i on ,  
In Fig. 2.2. ( r i gh t )  w e  compare xT(z) with t he  average value of x computed froin 
* 
our hypothet ical  experimental da t a  by 
It is in t e r e s t i ng  t o  note t ha t  the  experiment which measures dens i ty  by 
averaging over a f i n i t e  height is analogous t o  a spectroscopy experiment with 
a f i n i t e  resolution. According t o  Fig. 2.2, t he  deneity experiment has only 
a l imited a b i l i t y  t o  "resolve" the  diverging suscep t ib i l i t y .  Detai ls  smaller 
than the reso lu t ion  a r e  blurred. Yet, some infonnation may be recovered on a 
s ca l e  smaller  than the resolut ion i f  t heo re t i ca l  guidance is avai lable .  For 
example, i f  the  shape and r e l a t i v e  spacings of the  spec t r a l  l i n e s  present i n  a 
spec t r a l  peak a r e  known accurately i n  aA*,ar~ce, t h e i r  absolute spacing may be 
determined t o  much g rea t e r  accuracy than they can be resolved by the  instrument. 
Similarly,  i f  Eq. (2.2.2) were known t o  descr ibe the  densi ty  p r o f i l e  and 
i f  techniques were of s u f f i c i e n t  qua l i t y ,  accurate  measurements of 6 ,  D, and 
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pc could be obtained with a f l o a t  o f ,  say, 1 ma height. Unfortunately, the  
r i g h t  hand s ide  of Eq. (2.2.2) is only the  f i r e t  term i n  a9 expansion about 
the  c r i t i c a l  density. The higher order  correct ions  t o  Eq. (2.2.2) a r e  not 
known with ce r t a in ty ;  thus,  the in te rp re ta t ion  of data  of f i n i t e  height 
resolut ion becomes subject  t o  the  uncer ta in t i e s  a r i s i n g  from d i f f e r e n t  choices 
of correct ion terms. It is at t h i s  point  t h a t  g rav i t a t iona l  averaging makes 
experimental t e s t s  of un ive r sa l t ty  d i f f i c u l t .  
A wide va r ie ty  of r e a l i s t i c  experiments have encountered the  same densi ty  
resolut ion problems we have i l l u s t r a t e d  here with the  hypothetical  density 
measuring e x p e t h e n t  described above. For example Hohenberg and tiarmatz [I9721 
have analyzed i n  d e t a i l  the e f f e c t s  of gravity averaging upon measurenaats 
of the constant volume spec i f i c  heat  and of the low frequency veloci ty  of sound. 
It tu rns  out  t h a t  both experiments a r e  strongly affected by g rav i t a t iona l  
averaging a t  the  c r i t i c a l  temperature when the meniscus is wi thin  the  
experimental c e l l  (see Fig. 2.3). The shor tes t  s u i t a b l e  calorimeters 
constructed t o  date a r e  about 1 mn high and the  shor tes t  low frequency 
veloci ty  of sound resonator i s  under 4 mn high, so  t h a t  both of these 
experiments w i l l  not resolve the  densi ty  dependence of the quant i ty  measured 
within about 4% of the  c r i t i c a l  density a t  normal ea r th  gravity.  
The densi ty  resolut ion l i m i t  pL scalee  with sample height,  h ,  and gravity 
according t o  the  r e l a t i o n  
The s c a l e  f a c t o r  f o r  the densi ty  p r o f i l e  a t  the c r i t i c a l  temperature, D Pc/(pc m go) ,  
v a r i e s  among 17 f l u i d s  (Appendix D) .from 910 m i n  ~ e )  t o 10,400 m i n  H2. For 
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xenon, i t  i s  1310 m, a  f a i r l y  low value among those f l u i d s  which a r e  l i k e l y  
candidates f o r  low g experiments. Because the  exponent 15 i e  between 4 and 5 
i t  is c l e a r  t h a t  a  s u b s t a n t i a l  reduction i n  gh is  required t o  improve density 
a t  the  c r i t i c a l  temperature. Certain o p t i c a l  experiments 
(whose l imi ta t ions  we w i l l  d iscuss  below) have averaging heights  of micrometers 
rather than mill imeters,  thus o p t i c a l  experiments on ear th  become po ten t i a l ly  
competitive with bulk e x p e r i ~ e n t s  when the  l a t t e r  a re  carr ied  out i n  an 
-3 
environment of 10 g. 
We have i l l u s t r a t e d  the density resolut ion l i m i t s  a t  the  c r i t i c a l  tempera- 
tu res  a r i s i n g  from v e r t i c a l  averaging. The a c t u a l  resolut ion is  l imited a t  
o ther  temperatures as  well.  The shape of the  resolut ion l imited region i s  
shown i n  a  q u a l i t a t i v e  fashion i n  Fig. 2.4. The t r u e  form of the region, of 
course, depends upon the p a r t i c u l a r  property being measured and upon the  
techniques used. I t  is  straightforward t o  est imate the  extent  of the gravi ty  
af fected region along the  temperature axis  a s  we have dw.~e f o r  the  densi ty  
axis.  We w i l l  do so i n  a  q u a l i t a t i v e '  fashion here. Then we w i l l  i nd ica te  
how a  more precise  c r i t e r i o n  f o r  averaging e r r o r s  could be used t o  define the 
e rav i ty  a f fec ted  region precisely.  Such a  precise  c r i t e r i o n  i e  formulated i n  
Appendix C. 3. 
A q u a l i t a t i v e  idea  of the  gravi ty  excluded region can be obtained by 
noting t h a t  the scal ing equation8 of s t a t e  (Appendix A) indicate  t h a t  
asymptotically c;.oee t o  the  c r i t i c a l  point  thennodynamic q u a n t i t i e s  
(which urual ly  a r e  function8 of two var iables ,  say temperature and densi ty)  
may be exprerred i n  the  rimp'e form rPf (0). Hcze r and 8 a r e  parametric var iablee  
which a r e  re la ted  t o  the  temperature and density by nonlinear traneformations.  
Eoughly epeaking, r i e  a  mearure of the  d i r t ance  from the c r i t i c a l  point  and 8 i s  
a measure of the  d is tance  "around" the  c r i t i c a l  point from the coexietence curve. The 
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Fig. 2 .4 .  Qualitative location of thermodynamic s tates  in  the temperature-density 
plane which are inacceeeible to  bulk experiments because of gravitational 
averaging. Averagin errors for a 0.3 cm high sample are substantial beneath the f curve marked r = 10' . Avsreging errors for e 0.03 cm high sample are substantial 
beneath the curve r = 10-5. 
exponrut p depends upon t h e  proper ty  under consideration,  and f (6) i s  an 
a n ~ l y t l c  func t ion  of 0 which a l s o  depends upon the  property under consideration. 
I n  those  cases  ( including t h e  i u p o r t m t  q u m t i t i e a  Cv, I$ and xT) where p < 0 
and where f (0) is not  a very Stron8 funct ion of 0,  the  r dependence of the  
p r o p e r t i e s  becomes dominant near  Tc* It follow8 t h a t  divergent q u a n t i t i e s  w i l l  
assume approximately t h e  same value  along a curve of co~c,;cu: t r and euch 
curves have been sketched i n  Fig. 2.4. It is  aJ.80 t r u e  that: thc g rav i ty  
excluded region f o r  many experiments is a l s o  approximated ! +urve of 
constant  r. We have a l ready estimated t h e  gravi ty  l i m i t  £ 0 .  lrements of 
xT and Cv i n  a sample a t  t h e  c r i t i c a l  temperatube,  thus loca t lng  point  B 
0, ~ i g .  2.4. To f i n d  t h e  maximum temperature on the  sam, contour of 
constant  r (po in t  A on Fig. 2.4) w e  no te  t h a t  i n  one m d e l  equation of s t a t e  
a contour of constant  r is i d e n t i c a l  wi th  a contour of constant xT (Appendix 
A, Eq. A.13). Thus i n  t h i s  model xT ha. i d e n t i c a l  values  a t  B and A. ( I n  
o t h e r  r e a l i s t i c  models t h e  va lue  of xT rill be near ly  t h e  same ar B as a t  A ) .  
Now t h e  power law expreesion f o r  x T on t h e  l i n e  Ap* - I! i e  
We equate  t h i s  e x p r e s ~ l o n  for xT with t h e  expre8sion f o r  xT along t h e  
c r i t i c a l  isotherm obtained by d i f f e r e n t i a t i n g  Eq. (2.2.2) 
ga in8  t h e  va lues  of t h e  cons tan t s  from t h e  appendicts  we f ind  t h a t  the  temperature 
l i m i t  f o r  bulk e u s c e p t i b i l i t y  measurements is  roughly 0.028 K f o r  a  1 nun high 
sample of xenon and t h a t  t h i s  l i m i t  s c a l e s  wr.th g r a v i t y  and sample height a s  
(ghlg a )0'65. I f  a contour of constant  r is used a s  a  g rav i ty  l i m i t  c r i t e r i o n  
0 0 
o t h e r  experiments w i l l  encounter g r a v i t y  l i m i t s  a t  some value  of (T-T-)iT which 
L C 
0.65 a l s o  s c a l e s  a s  (gh/g H ) . 
0 0 U 
From the  work of  Hohenberg and Barmatz [1972], the  constant  volume s p e c i f i c  
h e a t  OL a  1 cm high c y l i n d r i c a l  sample of xenon begiris t o  dev ia te  from t h e  
s p e c i f i c  hea t  of a  zero  he igh t  sample by severa l  percent wi th in  50 in i l l ike lv in  
of t h e  c r i t i c a l  temperature;  f o r  a  1 mm high sample s i g n i f i c a n t  e r r o r  w i l l  
occur  w i t h i n  1 2  gK of TC. Natura l ly  the  exact  temperature depends on the  
c r i t e r i o n  of accuracy, but  with a  f ixed c r i t e r i o n  of accuracy t h e  tempersture 
0.65 
of  c l c s e s t  pe rmiss ib le  approach t o  T w i l l  s c a l e  a s  (gh) . Thus a 
C 
substcmtiai! i p m m m n t  i n  tenpemture resotution - i s  possible bd abiny Cv 
e q e s n e n t s  i n  a law-g enVirumment. I n  p a r t i c u l a r ,  the determination of T c i n  
s p e c i f i c  hea t  experiments would be  g r e a t l y  f a c i l i t a t e d  i n  a low g environment. 
I n s t e a d  of approximating t h e  region of severe  g r a v i t a t i o n a l  averaging by 
a  curve of constant  r (e9 we have j u s t  done), a  p rec i se  ca lc l l la t ion could have 
been done. The c a l c u l a t i o n  would involve t h e  follooting s t e p s :  1) I d e n t i f y  
t h e  q u a n t i t y  t o  be measured [say' Q) and the  p rec i s ion  with whtyh the quant i ty  
is  t o  be known; f requen t ly  the  des i red  p rec i s ion  may be expressed a s  a  small 
f r a c t i o n ,  p, of t h e  q u a n t i t y  Q. 2) Examine the  meaourement technique t o  
determine over  what range of  h e i g h t s  i t  averages (say O S z s h )  and w i t h  what  
i u n c t i o n  (Say w(z))  i t  weights measuremenls a t  ehch height .  3) Compute t he  
v a l u e s  of P and T f o r  which t h e  i n e q u a l i t y  
is s a t i s k i e d .  Here we have a s s s e d  t h a t  t h e  weighted average of Q which the 
experimen: measures w i l l  be assigned t o  t h e  thermodwnamic state (p (h /2 ) ,  T) 
at t h e  midheight of  t h e  experiment. Exactly t h i s  c a l c u l a t i o n  is  c a r r i e d  o u t  
i n  Appendix C where Q is taken t o  be t h e  c o r r e l a t i o n  l eng th  and w(z)  is 
assumed t o  be uni ty .  A somewhat more coreplex c a l c u l a t i o n  id required i f  Q is 
ti q u a n t i t y  measured by exper imenta l ly  taking a  temperature d e r i v a t i v e  (such 
a s  the  constant  volume s p e c i f f c  heat ) .  This  problem is discussed by Hohenberg 
Barmatz (19721. 
k'e have j u s t  completed s e v e r a l  i l l u s t r a t i o n s  of how g r a v i t a t i o n a l  
averaginl '..lfluences t h e  measurement of thermodynamic q u a n t i t i e s .  I t  is 
important t o  riote t h a t  most measurements of t r a n s p o r t  p roper t i e9  w i l l  a l s o  
be s u b j e c t  t o  l imi ted  dens i ty  and temperature  resolution^ i n  t h e  
e a r t h ' s  g r a v i t y .  For example t h e  d e n s i t y  dependence of t h e  v i s c o s i t y  o r  of 
t?.e thermal conduct iv i ty  cannot be measured w i t h i n  4-5% of p i f  t h e  v i s c o s i t y  
c '  
o r  conduct iv i ty  apparatus  is 1 m high a t  earth-normal g rav i ty .  I t  is a l s o  t r u e  
t h a t  the  dens i t )  dependence of  t h e  t u r b i d i t y  (o r  t o t a l  l i g h t  s c a t t e r i n g  
m t e n s i t y )  cann2t be measured wi th in  a few percent  o f  pc  i f  t h e  s c a t t e r i n g  
volume is 1 mm high (Leung and H i l l e r ,  1975) because of  t h e  v e r t i c a l  averaging 
t h a t  occurs i n  the  s c a t t e r i n g  volume. On t h e  o t h e r  hand q u i t e  d i f f e r e n t  
l i m i c a t i o n s  apply t o  t h e  measurement o f  thermodynamic and t r a n s p o r t  p r o p e r t i e s  
by o p t i c a l  techniques wi th  wry f i n e  s p a t i a l  r e so lu t ion .  They a r e  
discussed i n  t h e  subsequent sec t ion .  
2.3 Limita t ions  on O p t i c a l  Experiments due t o  Gravity Induced Ref rac t ive  
Index Gradients.  
A s  a  f l u i d  i c  brought near  i t 8  c r i t i c a l  po in te ,  i ts c o e f f i c i e n t  of 
isothermal c o m p r e 6 ~ i b t l i t y  d ivergee aild, i n  a g r a v i t a t i o n a l  f i e l d ,  t h e  f l u i d  
becomes compressed under its own weight. The d e n s i t y  g r a d i e n t s  thus  produced 
place  s t rong  l i m i t a t i o n s  on t h e  v a l i d i t y  of measurements, even w-ith o p t i c a l  
p r o t e s ,  very near  the  c r i t i c a l  point .  The most s e r i o u s  l i m i t a t i o n  map be 
termed a " th ick  c e l l  e f f e c t "  and a p p l i e s  t o  a l l  o p t i c a l  experiments including 
/ 
Eeasurements of t h e  phase, in teneg ty  and s p e c t r a l  c h a r a c t e r i s t i c s  of l i g h t  
passed through t h e  f l u i d .  Light  which is d i r e c t e d  h o r i z o n t a l l y  i n t o  an 
o p t i c a l  c e l l  f i l l e d  with f l u i d  n e a r  t h e  c r i t i c a l  po in t  w i l l  be de f lec ted  down- 
ward by t h e  index of re f r t i c t ion  g rad ien t  ( r e s u l t i n g  from t h e  dene i ty  g r a d i e n t ) .  
The angle  of de f lec t ion  is  propor t iona l  t o  t h e  thic 'mess of t h e  f l u i d  l a y e r  i n  
t h e  c e l l .  Th i s  e f f e c t  is p r e c i s e l y  t h e  same one which enables  t h e  sun t o  be 
seen above t h e  horizon s e v e r a l  minutes a f t e r  i t  has  "set" according t o  
astronomical  ca lcu la t ions .  As the  c r i t i c a l  po in t  is approached, the  dens i ty  
g r a d i e n t s  and t h e  d e f l e c t i o n s  become s o  l a r g e  t h a t  l i g h t  "rays" pass through 
l a y e r s  of f l u i d  of widely varying densi ty .  Then i t  is no longer  poss ib le  t o  
r e l a t e  t h e  i n t e n s i t y ,  t h e  spectrum, o r  t h e  phase of t h e  l i g h t  emergent from t h e  
c e l l  t o  t h e  d e n s i t y  o r  any o t h e r  l o c a l  t h e m d y n a m i c  var iab le .  The measurable 
o p t i c a l  p r o p e r t i e s  of t h e  f l u i d  become complex g r a v i t a t i o n a l  averages.  I n  t h i s  
suc t ion  we d i s c u s s  and quan t i fy  t h e s e  l i m i t a t i o n s  f o r  o p t i c a l  experiments 
using a combination of a n a l y t i c a l  and numerical technj-ques. 
Consider a sample of a d i e l e c t r i c  f l u i d ,  i n  a c e l l  wi th  plane p a r a l l e l  
o p t i c a l  windows, wi th  an average dens i ty ,  po,  c l o s e l y  approximating t h e  
c r i t i c a l  densi ty .  When t h e  sample temperature is he ld  constant  near  Tc, t h e  
f l u i d  is compressed under i t s  own weight and an equilibrium densi ty  d i s t r i bu t ion ,  
9 (z,T), is formed. Since, i n  a g r av i t a t i ona l  f i e l d ,  the reduced chemical 
po ten t ia l  u is d i r e c t l y  proportional t o  z,  the densi ty  p r o f i l e  is aiirectly 
given by the equation of s t a t e  p(v,T). Furthermore, i f  current  theory is 
correct  (Appendix A) such p r o f i l e s  a r e  antisymmetric about some densi ty  
"en (*ten is  not  necessar i ly  the c r i t i c a l  densi ty  and i n  general w i l l  be a 
function of the temperature. For t h i s  ana lys i s  w e  w i l l  assume t h a t  P = cc)  
cen 
which occurs a t  the  height where t he  compressibil i ty has a maximum. The plane 
a t  t h i s  height ,  which we c a l l  the centrus,  w i l l  serve as  the o r ig in  f o r  our 
v e r t i c a l  coordinate system. I n  Figure 2.5 we represent such a p r o f i l e  
schematically f o r  some s u p e r c r i t i c a l  temperature T > Tc. (All of our ana lys i s  
w i l l  deal  only with the one phase region.) Because. the  refractive index of the 
f l n i d  is re la ted  t o  its density by the  Lorentz-Lorenz (Lorenz, 1880; Lorentz, 
1952; Hocken and S t e l l ,  1973; L a r s e n e t G . ,  1965) formula, there  i s  a 
corresponding r e f r ac t i ve  index p r o f i l e  n ( z , t )  i n  the sample. Mow we 
i l luminate  the  o p t i c a l  c e l l  with a monockromatic t lorizontal (normal t o  the  z 
axis )  plane wave of l i g h t ,  and examine the  t r a j e c t o r i e s  of rays through the 
p r o f i l e  a t  various heights.  
In  Fig. 2.6 we i l l u s t r a t e  t h i s  s i t u a t i o n  with a simple ray picture .  A 
ray en t e r s  the c e l l  horizontal ly  a t  height z' above the  centrus and is  
re f rac ted  downward on a curving t r a j ec to ry  u n t i l  i t  emerges a t  a height z .  
The output angle of the r e a l  ray w i l l  be proport ional  t o  the  average r e f r ac t i ve  
index gradient  'seen' by t he  ray and i ts phase s h i f t  w i l l  be determined by an 
average over i ts  o p t i c a l  path. Also shown i n  t he  same f igure  are two idea l  
rays which we c a l l  ' t h in  c e l l '  rays. Both a r e  equivalent t o  the r e a l  ray when 
the  c e l l  is  i n f i n i t e l y  t h in  o r  t he  gradient  so  small  t h a t  z' GY z .  They a re  
Figure 2.5. Schematic o f  density and compressibi l i ty prof i les .  
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Z REPRESENTATION OF DENSITY PROF1 LE 
REAL RAY 
Fig. 2.6. Rays through a dens i ty  p r o f i l e .  "Real ray" denotes  t h e  pa th  
t r ave r sed  by a  l i g h t  ray i nc iden t  ho r i zon ta l l y  upon an o p t i c a l  c e l l  f i l l e d  
wi th  f l u i d  nea r  t h e  c r i t i c a l  po in t .  The o t h e r  rays  a r e  def ined  as follows: t he  
angle equiva len t  ray (TER) is t h a t  t h i n  c e l l  ray which is r e f r ac t ed  a t  an angle  
equal  t o  t h e  r e a l  ray.  . I t  t r a v e r s e s  t h e  c e l l  ho r i zon ta l l y  a t  a  he igh t  ( z  + Az) 
where t h e  l o c a l  r e f r a c t i t e  index g rad i en t  is equal  t o  t he  average g rad i en t  seen 
by t h e  r e a l  ray ;  t h e  he igh t  equiva len t  (ZER) is t h a t  t h i n  c e l l  ray which t r a v e r s e s  
t he  c e l l  h o r i z o n t a l l y  a t  he igh t  z. 
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defined a s  follows: t he  "angle equiva len t"  ray (TER) is t h e  t t , tn  c e l l  ray which 
is r e f r a c t e d  a t  an angle  equal  t o  t he  r e a l  ray;  i t  t r a v e r s e s  t he  c e l l  
ho r i zon ta l l y  a t  a  he ight  (z + A t )  where t h e  l o c a l  r e f r a c t i v e  index gradien t  is 
equal  t o  t h e  average g rad i en t  seen by t h e  r e a l  ray . The "height  equiva lcn t"  ray 
(ZER) is t h a t  t h i n  c e l l  ray whlch t r a v e r s e s  t he  c e l l  h o r i z o n t a l l y  a t  he igh t  z .  
These t h i n  c e l l  rays  a r e  introduced f o r  courar i son  purposes s i n c e  f o r  them 
t h e  r e l a t i o n  of o p t i c a l  observables  t o  thermodynamic q u a n t i t i e s  i s  p a r t i c u l a r l y  
s imple ( E s t l e r  e t  a l . ,  1975). For i n s t ance ,  i f  we expand t h e  Lorentz-Lorenz 
formula, we f i n d  t o  a  good approximation t h a t  
Then the  index g rad i en t  becomes 
* 
where u* is the  reduced chemical p o t e n t i a l ,  % t h e  reduced s u s c e p t i b i l i t y  
and Ho Pc/(pcmg), the  s c a l e  he ight  f o r  t h e  f l u i d  being s tud i ed .  In the t h i n  c e l l  
l i m i t  t h e  ray ZER simply comes out  a t  he ight  z with  an angle  p ropor t i ona l  t o  
* 
xT a t  t h a t  he ight ,  1.e. 
* 
xT (2) - m, f o r  t h e  ZER. 
dnl 
:::ere d is t h e  c e l l  thickness.  
Fig. 2.7 o f f e r s  a comparison between angles  of rays as a func t ion  of z 
37 determined from e q u ~ t i o n  (2.3.3) and angles  determined numerically by 
:racing rays  (Born and Wolf, 1975) through the  same dens i ty  p r o f i l e s .  The 
p r o f i l e s  were aenerated using t h e  Stony Brook parametric equat ion of s t a t e  (Wilcox 
and E s t l e r ,  1971) wi th  parameters obtained from a c t u a l  p r o f i l e  measurements on xenon 
( E s t l e r  e: a l . ,  1975). The parameters used a r e  given i n  Appendix E. The 
T-T 
iomputation was performed with  AT* = - = 5x10'~. The s o l i d  l i n e  represen t s  
c 
t h e  t h i n  c e l l  r e s u l t s  f o r  t h e  ZER (Eq. 2.3.3) and terminates  i n  a rounded point  
,e an angle  of about , 1 7  radians ,  t h a t  is, o f f  the  graph. The dashed l i n e  is 
the r e s u l t  of t h e  ray t r a c i n g  computation. The crosshatched region conta ins  
rays t h a t  e n t e r  t h e  c e l l  c lose  t o  t h e  cen t rus  above and below and emerge a t  
approximately t h e  same height  but  a t  very d i f f e r e n t  angles ;  t h e  observer s e e s  
a b r i g h t  band a t  t h i s  height  wi th  a darker  band above i t .  I n  t h i s  region the  
g rad ien t  is  s o  l a r g e  t h a t  t h e  r a y s  a r e  simply bent  r i g h t  ou t  of t h e  dark region 
and i n t o  t h e  b r i g h t  band. 
Fig. 2.8 shows t h e  same r e s u l t s  f o r  t h e  o p t i c a l  phase as a funct ion of 
height .  Again t h e  s o l i d  l i n e  is the  t h i n  c e l l  r e s u l t ,  i .e .  neglect ing any beam 
bending e f f e c t s ,  (cf .  (2.3.3) and t h e  dashed l i n e  is the  r e s u l t  of ray t rac ing .  
The o p t i c a l  phase r e l a t i v e  t o  i h a t  a t  the  cen t rus  (At$) i s  simply r e l a t e d  t o  
the  d e n s i t y  i n  t h e  t h i n  c e l l  approximation: 
Fig. 2.7. The angles of emergent rays as a function o f  height.  The solid 
l ine represents the thin c e l l  results for the ZER (eq. 2.3.3) and terminates i n  
.a xoundcd po in t  a t  an angle of about .17 radians, that is ,  of f  tllc graplr. The 
dn8hed line is the result of &lie r h  tracing computation. .The crossllatcl~ed 
region coutalne rays  that enter the c e l l  closc t o  t h e  centrur  above and below 
and emerge at approx~mately thc sumo beigll t but a t  very J i  f feren t iulglcs. 
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Fig. 2.8. Optical phase as a fur-tion of height. The phase profile calculated 
i n  the thin c e l l  aooroximation (solid curve) has the same shape as the density 
ve height profile. The observed profil? is represented by the dashed curve. 
The crosshatched area corresponds to the crosehatched area in Fig. 2.7. 
Hence, t he  s o l i d  curve is, except f o r  8ign and un i t s ,  simply t he  ex i s t i ng  
densi ty  prof i le .  The dashed l i n e  i e  then the apparent dens i ty  p r o f i l e  deduced 
from ac tua l  measurements and i n  f a c t  such "kinkedtt p ro f i l e s  have been reported 
i n  the l i t e r a t u r e  (Lorentzen and ,laneen, 1966). 
Figures 2.7 and 2.8 o f f e r  a good v i sua l  p i c tu re  of what happens t o  l i g h t  
t ravers ing a f l u i d  near  i t s  c r i t i c a l  point.  They do not ,  however, o f f e r  
simple quant i ta t ive  guidelinee am t o  which reuions of the  thermodynamic 
space are inacceeeible t o  t he  e a r t h  bound experimenter. To provide these 
guidel ines  we found i t  convenient t o  compare t he  r e a l  ray with the angle 
equivalent ray (TER) r a the r  than t o  the  ZER a s  i n  Fige. 2.7 and 2.8. 
As our computations progreesed w e  discovered numerically a simple 
re la t ionsh ip  between Az ( the height  d i f fe rence  between the  TZR and the 
real ray,  see Fig. 2.6) and t h e  output angle of t h e  r e a l  ray (or  TER s ince 
they a r e  defined t o  be the  same). We then derived t h i e  expression f o r  Az by 
solving the ray t r ac ing  equation8 ana ly t i ca l l y  i n  a medium where dn/dz was a 
slowly varying function of height.  We found t h a t  i f  
then 
A8 long as equation (2.3.6) holds,  the  r e a l  ray c a r r i e s  average f l u i d  
information equal  t o  t h e  l o c a l  information a t  a  height Az above t h e  he igh t  of 
t h e  r e a l  r a y ' s  emersence. This equation is  v a l i d  t o t h  above and below the  
centrus .  
We then performed computer experimente t o  t e s t  t h e  domain of v a l i d i t y  of 
<2.3.6) using numerical  parameters appropr ia te  f o r  xenon. We found t n a t  (2.3.6) 
breaks down when Az reaches  a c e r t a i n  va lue  nea r ly  independent of the  temperature 
and t h e  f l u i d  s tud ied .  The r e s u l t s  are p l o t t e d  i n  Fig. 2.9 f o r  xenon. In  t h i s  
f i g u r e  t h e  s o l i d  da rk  l i n e  represen t s  t h e  Az t h a t  would be ca lcu la ted  from 
(2.3.6) us ing t h e  f l u i d ' s  maximum compress ibi l i ty .  That is  
The region above and t o  t h e  r i g h t  of t h i s  curve is  nonphysical: no r e a l  
thermodynamic s t a t e s  e x i s t  i n  t h i s  region. The area below t h i s  curve and t o  t h e  
l e f t  is phys ica l  but  mostly i n a c c e s s i b l e  t o  t h e e a r t h  bound experimenter. On 
:his p l o t  t h e  c r i t i c a l  point  i s  a t  i n f i n i t e  Az. The dashed l i n e  a t  b z  = .002 cm 
r e p r e s e n t s  t h e  contour where (2.3.6) becomes incor rec t  by 1%. Above t h i s  l i n e  
the  e r r o r s  grow very rap id ly .  The region below t h i s  l i n e  is experimentally 
a c c e s s i b l e  and he re  t h e  p r o p e r t i e s  of t h e  in te r fe rence  pa t t e rn  may be simply 
r e l a t e d  t o  l o c a l  thermodynamic p roper t i ce  of the  f lu id .  A8 a simple r u l e  of thumb 
we f i n d  t h a t  the  observed i n t e r f e r e n c e  p a t t e r n  can no longer be simply r e l a t e d  
t o  l o c a l  thermodynamic f l u i d  p r o p e r t i e s  when the  reduced compress ibi i i ty  
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Fig. 2.3. Thermodynamic s tates  acce$ *.bl? to  optical  experiments. The 
s ta te s  with suf f ic ient ly  small values ot the scaled compressibility xT are 
accessible.  Large v a l ~ ~ s  of  xT do not occur to  the upper right of the so l id  
curve ( i . e .  far frou the c r i t i c a l  point). 
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becomes l a r g e r  than 
Ir is convenient t o  t a b u l a t e  some examples f o r  comparison with g r a v i t a t i o n a l  
l i m i t s  provided elsewhere i n  t h i e  repar:. We do s o  he re  f o r  xenon 
* * * 
Cel- Thiclcness X 
Tmax 'max '"inin ATmin cm. m i l l i r a d i a n e  (At* - 0) (Ap* - 0) 
Thus any optics, kxperiment using a 1 cm t h i c k  c e l l  is sub jec t  t o ' l i r n i t a t i o n s  
comparable t o  a bulk experiment i n  a 0.1. cm high c e l l  a t  g,. An o p t i c a l  
experimect in a C 1 cm t h i c k  c e l i  i e  sub jec t  t o  l i m i t a t i o n s  comparable t o  a 
bulk experiment i n  a 3 u m  high c e l l  a t  go o r  a 3 n. h l ~ h  c e l l  a t  
80 
o p t i c a l  c e l l s  with p r o p e r t i e s  r u i t a b l e  f o r  c r i t i c a l  point  experiments (Hocken 
e t  a1 1975) h m e  been fabr ica ted  with a ehickness of 3 nan. It seems l i k e l y  --* * 
t h a t  1 m t h i c k  c e l i e  could be made. The f e a a l b i l i t y  of making much th inner  
cells should be examined. One may expect t h a t  f l u i d  samplei ,  i n  extremely t h i n  
cells would be s u b j e c t  t o  contamination from t h e  c e l l  wa l l s  because of t h e  l a r g e  
su r f  ace t o  volume r a t i o .  
2.4 Light S c a t t e r i n g  Measurements and Some Gravity Related Limita t ions .  
S c a t t e r i n g  measurements provide a  means t o  measure the  space-time 
dependence of f luctuat4.0ns.  Since t,uci: of  t h e  fundamental p i c t u r e  of c r i t i c a l  
f i u c t u a t i o n  phenomena d e a l s  wi th  t h c  d i s t a n c e  s c a l e  over which f l u c t u a t i o n s  
a r e  c o r r e l a t e d  (space) and t h e  t i n e  s c a l e  over which f l u c t u a t i o n s  grow and 
decay ( t i m e ) , s c a t t e r i n g  spectroscopy con t inues  t o  be an important t o o l  f o r  
s tudying c r i t i c a l  phenouiena. 
Near t h e  gas- l iquid  ~ r i t i c a l  point  a  f l u i d  e x h i b i t s  l a r g e  f l u c t u a t i o ~ . s  i n  
t h e  densi ty .  The magnitude of t h e s e  f l u c t u a t i o n s  is propor t iona l  t o  the 
compress ib i l i ty .  The s p a t i a l  e x t e n t  of t h e s e  f l u c t u a t i o n s  can be charac te r i zed  
by a  c o r r e l a t i o n  2ngth 5 .  A3 shown i n  Appendix C :his c o r r e l c t i o n  length  i s  
r e l a t e d  t o  zho compress ib i l i ty  by 
* 
where x is the  dimensionless symmetrized compress i3 i l i ty  Je f ined  i n  A.2. The 
T 
cons tan t s  5 and r a r e  t h e  amplitudes i n  t h e  power laws ( C . 4 )  and (A.4c) f o r  t1,e 
0 
c o r r e l a t i o n  l eng th  and comprese ib i l i ty  along t h e  c r i t i c a l  i sochore .  The constant  
5 is  a  microscopic d i s t a n c e  of t h e  order  of t h e  range of t h e  in:ermolecular f o r c e s .  0 
The s p e c t r a l  i n t e n s i t y  aa a  func t ion  of s c a t t e r i n g  angle  and frequency i s  
p r o p o r t i o n a l  t o  t h e  s p a t i a l  and temporal Four ie r  Lransform of the  time 
dependent c o r r e l a t i o n  func t ion  of t h e  o rde r  parameter. I n  a  one component 
f l u i d  t h e  i n t e g r a t e d  i n t e n s i t y  of t h e  s c a t t e r i n g  is  p ropor t iona l  t o  the  
s t a t i c  s t r u c t u r e  f a c t o r  
where the cor re la t ion  fvnct ion G(R) is defined i n  Appendix C. The vave 
number k is re la ted  t o  the s ca r t e r ing  angle 8 by 
where ko is the  wave number of the  incident  radiat ion.  
I n  p r inc ip l e  S(k) is a functicn of temperature AT*, densi ty  Ap* and wave 
number k. However, accord iw t o  the  sca l ing  hypothesis the  s t r u c t u r e  f a c t o r  
near the c r i t i c a l  point can be wr i t t en  i n  the form (Fisher,  1967) 
where 5 is the cor re la t ion  length. This reduction of the descr ipt ion is valid 
f o r  any thermodynwic pati. i n  t he  AT* - AD* plane of  conatant sca l ing  var iab le ,  
i.e. AT* proportional t o  I A Q *  I 'I0. Here we s h a l l  consider spec i f i ca l l y  the  
propert ies  of sca t te red  l i g h t  a t  'he c r i t i c a l  isochore AD* = 0. 
The scaled :unction $(kt)  is known theore t ica l ly  (Tracy and McCoy, 1975) 
f o r  the  2 dimensional I s ing  model f o r  a l l  values of kt .  However, the 
mathematical form of t h i s  function f o r  f l u i d s  is not known except f o r  the  f a c t  
to3t  is  must approach a constant i n  t he  l i m i t  k5 -, 0 and t h a t  i t  must vary a s  
-2+1: f o r  kS + -. 
It has turned out  t o  be very d i f f i c u l t  t o  determine a de f in i t i ve  value f o r  
the exponer t n. A precise  knowledge of t h i s  exponent bas a d i r e c t  bearing 
on the  question 3f ~ 3 i v t r 8 a l i t Y  of the pair-correlat ion function. 
In  order  t o  determine thf 8 mxperimental with m y  accuracy, meaeurements 
a r e  needed for  kt ruff i c l e n t l y  l u g e  80 t h a t  the functioe #(kc) can be 
. - j p roha ted  by it8 arymptotic behavior (Tracy and McCoy, 1975). Due t o  
l imi ta t ions  c a u d  by mult iple  scattering a ~ d  the gravi ty induced density 
gradients ,  i t  has been impossible t o  s a t i s f y  t h ~ s  condition f o r  ea r th  bound 
l i g h t  s ca t t e r ing  erperiments. It has been possible  t o  reach su f f i c i en t ly  
l a rge  values of k v i t h  neutron r ca t t e r ing  (Warkulviz e t  a l . ,  1975); however, 
here one has d i f f i c u l t i e s  i n  satisfying the condition tha t  k-I must be la rge  
conpared t o  the range of the  intermolecular forces. 
Of tire several  avai lable  s ca t t e r ing  techniques ( l i g h t ,  X-rays and neutron 
sca t t e r ing ) ,  op t i ca l  l i g h t  s ca t t e r ing  using l a s e r  sources seems t o  be most 
f ea s ib l e  one f o r  space experiments. I t  is the only sca t t e r ing  technique w i t h  
s u f f i c i e n t  spec t r a l  resolut ion t o  examine the  narrow spectrum of tne 
f luc tus t ions ,  can be done with e a s i l y  portable  sources ( l a se r s ) ,  requires  no 
radiat ion shielding,  and uses windawe c o w a t i b l e  with other  op t i ca l  recards 
desired of the sample behavior. The pr inc ip le  drawback t o  l i g h t  s ca t t e r ing  
meP: .rements i e  mult iple  sca t te r ing :  the  ex t inc t 'm  of the  beam g4.ves a severe 
lower l i m i t  on the AT* which can be reached. Numerical estimates for  t h i s  
l i m i t  a r e  presented l a t e r  i n  t h i s  section. 
'Jeing o p t i c a l  beating techniques, one can measure the spectrum of the 
quasi-elast ic  RayleicL l i n e  (Cumins and Swinney, 1970). The width ~f t h i s  
l i n e  is re la ted  t o  the d i f fus ive  decay conatant of the f luc tua t ion  of the order 
p a r ~ i t e r .  A survey of the current  s t a t u s  of the experimental work on 
Rayleigh sca t t e r ing  near the c r i t i c a l  point of f l u i d s  has been given by 
Swinney awl Henry [1973]. 
4 I 
I n  i n t e rp re t a t i n8  such experiments one usual ly  introducer the  following 
assumptions. F i r s t  it is assumed tha t  f luc tua t iocr  still decav 
exponentially i n  time s o  t h a t  t h e  d y n r i c  r t n r c tu re  f a c t o r  har  ,,re form 
where r is the decay r a t e  of the entropy f luctuat ions.  (Suinney and Henry, 1973). s 
Secondly, one uses the assumption of dynamical sca l ing  t o  wr i te  the decay r a t e  
r i n  the scaled form 
S 
It should be potnted out t ha t  these  assumptions a r e  no t  va l i d  rigorously,  and 
t h a t  one expects t o  see  deviat ions i f  the  c r i t i c a l  point  is approached 
s u f f i c i e n t l y  closely.  Theories f o r  '.he scaled function *r(kE) have been 
developed by Kawasaki and coworkers and by Fer re l  and Per l ;  f o r  a survey of the 
l i t e r a t u r e  t he  reader is re fe r red  t o  t he  a r t i c l e  by Swinney and Henry [1973]. 
The various theor ies  d i f f e r  i n  t h e i r  conclusions, but it has been impossible 
t o  discr iminate  between t h e  theor ies  on the  bas i s  of earthbound experiments. 
For l i g h t  s ca t t e r ing  measurements we need t o  consider the  l i d t a t i o n s  on 
the  a t t a inab le  e ~ e r i m e n t a l  precis ion due t o  gradients  i n  the density Ap*, 
t u rb id i ty  of the  sample, and gradients  i n  the  correfrt ir?n length €. Our 
purpose here  is t o  es t imate  how much the accessible  range i n  AT* and Ap* can 
be extended by conducting l i g h t  r c a t t e r l a g  experiments a t  reduced g. 
We f i r s t  consider the  var ia t ion  in dtnsi ty .  I n  a Ught  sca t te r ing  
experiment close t o  Tc one can c-ider w i n g  a weakly focused beam with a 
diameter of a 100 Pm. Stronger f o c u s i ~ %  would require much lover p w e r  leve ls  
t o  avoid l o c a l  heating pa r t i cu l a r ly  a t  window surfaces. Thus there e x i s t s  a 
p r a c t i c a l  height o r  s p a t i a l  s ca l e  limit f o r  c r i t i c a l  point l i gh t  sca t te r ing  
measurements of about. 100 
The resolut ion of l t g h t  scattering e x ~ e r i ~ r e n t e  has been exploited i n  earth- 
bound expertments by mviag the beam as a function of height, thus obtaining 
l o c a l  equilibrium isothermal sca t te r ing  in t ens i t i e s  (White and Naccabee, 1975) 
and spec t ra  (Swinney and Henry, 1973; and Kim,  et  al., 1974). In  order f o r  
the  densi ty  change over a height t o  be within a precision p of the average 
densi ty  i n  t h a t  region f o r  a sample i n  a gravi tat ion acceleration g*(g* = 8/go) ,  
ve require  
Using the r e s t r i c t e d  cubic model and Eq8. A.13 and B.7 of the Appendices, we 
f 2nd 
For xenon , using parameters of Appendix D, we f ind 
4 ha* -84 r 2 6.2~10' (2.4.9) 
with h i n  meters. Thus t h i s  densi ty  l i m i t  is a  contour of conatant r i n  the  
( A i * ,  40") plane a s  discussed i n  Section 2.2. The following 
t ab l e  gives  examples of t he  lower bounds t o  r and corresponding AT* = r (with 
dp* = 0) and AD* (with AT* = 0). f o r  p  = .01 5 1%. h = m - lO01lm corres- 
ponding t o  precis ion sca t t e r ing  experiments on e a r t h  (161, worst case Shut t le  
- 3 
acce le ra t ions  (10 g) and bes t  case Shut t le  accelerat ions ( 1 0 - ~ ~ ) .  
e* - 8/13, r = AT* Ao* 
(AP* = 0) (AT* = 0) 
Next w e  examine the  e f f e c t  of the strong ( c r i t i c a l  opalescense) s ca t t e r ing  
of l i g h t  i n  the sample. The densi ty  f luc tua t ion  s ca t t e r ing  c ross  sec t ion  per 
uni t  volume per s tearad ian  of a f l u i d  is given by 
where X is the  wavelength of t h e  i n c i d e n t  beam ( i n  vacuum), E is the o p t i c a l  
d i e l e c t r i c  constant  at X and 5 is the  isothermal  compress ib i l i ty  and ; the  
angle  between t h e  inc iden t  l i g h t  p o l a r i z a t i o n  and t h e  s c a t t e r e d  wavevector. 
Near t h e  c r i t i c a l  po in t  5 has a  s t r o n g  temperature dependence leading t o  
,-1 t h e  r e s u l t  t h a t  the  s c a t t e r i n g  i n t e n s i t y  d ive rges  l i k e  KT. For k = Z a i A  < <  t , 
t h i s  d i p o l e  c ross  s e c t i o n  can be r e a d i l y  i n t e g r a t e d  over a l l  angles  t o  g i v e  the  
s c a t t e r i n g  a t t e n u a t i o n  c o e f f i c i e n t  c a l l e d  tlre t u r b i d i t y ,  1 
For t h e  present  e s t ima tes  we have neglected the  angle  dependence of the  
s c a t t e r i n g  due t o  the  c o r r e l a t i o n  l eng th  5 (see  r u g l i e l l i  and F o r t ,  1970 and 
Cannell , 1975). 
Like the  c ross  s e c t i o n ,  the  t u r b i d i t y  follows the  temperature dependence 
of  5. Using the  cubic  model (Appendix A. 3) we can w r i t e  f o r  5 
Since c l o s e  t o  the  c r i t i c a l  point  P I p c ,  we f ind  t h a t  r i s  propor t ional  t o  r - ' .  
I n  l i g h t  s c a t t e r i n g  s t u d i e s  the  i n t e n s i t y  cor rec t ions  due t o  t u r b i d i t y  
become severe  f o r  a  path  l eng th  t such t h a t  ~ k ?  2 1. A t  approximately the  sane 
~ l l  l i m i t  t h e  c o r r e c t i o n s  due t o  mul t ip ly  s c a t t e r e d  l i g h t  reaching the  d e t e c t o r  
become severe.  Thus we s e e  t h a t  s c a t t e r i n g  experiments a r e  l imi ted  t o  s tudying 
- 1 
the  samples f o r  AT* - A D *  such t h a t  T < L . 
We have evaluated t h e  t u r b i d i t y  and tho r e s u l t i n g  l i m i t a t i o n s  f o r  the  r a s e  of 
xenon us ing t h e  parameters of Appendix E a t  X = 6328; (He-Ne l a s e r ) ,  and 
a€  m d  approximating ( p ~ )  r (cC-1). We f l n d  
For an o p t i c a l  path  P (m) w e  conclude t h a t  r must s a t i s f y  
Typical  o p t i c a l  c e l l s  a t  p resen t  have 2 = 10'~ m ( 1  cm). More s p e c i a l i z e d  c e l l s  
have been made wi th  1. 1d3 m ( 1  m). It m y  be f e a s i b l e  t o  wort v i t h  
: = (100em). With such a  t h i n  c e l l  one must c a r e f u l l y  d i sc r imina te  aga ins t  
s c a t t e r i n g  from t h e  inner  c e l l  walls .  Theee d i s t a n c e s  have been used t o  
c a l c u l a t e  the lower bounds o f  r and corresyr3ding AT* and Ap*. For xenon and 
X - 6328A we f ind :  
Table 2.4.2 
Turb id i ty  approach bounds a t  X 6328A i n  Xenon 
r - AT* 
(AP - 0) 
AP * 
(AT* = 0) 
Comparison of Tables 2.4.1 and 2.4.2 ahown t h a t  at l g ,  a  1 nm o p t i c a l  
path c e l l  of xenon has both t h e  densi ty  p r o f i l e  and t u r b i d i t y  l i m i t  of about 
- 5 
r = 1 . ~ 1 0  . This l i m i t  corresponds t o  AT - 3 mK. I n  order t o  take advantage 
of decreased dens i ty  gradients  a t  1 0 - ~ g  one would need a c e l l  with o p t i c a l  path 
-4 l e s s  than lOOum E 10  m. The a b i l i t y  t o  f abr ica te  such a c e l l  has not been 
demonstrated. Thus w e  s e e  t h a t  tu rb id i ty  and mul t ip le  s c a t t e r i n g  place a severe  
bound t o  s c a t t e r i n g  experiments c lose r  t o  the c r i t i c a l  point. On e a r t h  a t  l g  t h i s  
has not been a s  severe because the  sample densi ty  gradients  have caused most of 
the sample t o  be o f f  the  c r i t i c a l  densi ty  giving reduced s c a t t e r i n g  and 
tu rb id i ty .  I n  a law g environment one expects t o  see  t h e  sample uniformly 
opalescent and becoming q u i t e  opaque t o  v i s i b l e  wavelengths a s  the  c r i e l c a l  
point is approacbed. The f a c t  t h a t  the  sample is uniformly opalescent a t  low g 
should make t h e  analys is  of  the  influence of mult iple s c a t t e r i n g  much more 
manageable. The new theore t i ca l  work on mul t ip le  s c a t t e r i n g  (Reith and Swimey, 
1975; Bray and Chang, 1975) w i l l  be he lp fu l  i n  the  analys is  of low 8 sca t t e r ing  
data. 
I t  is c l e a r  tha t  f o r  s t u d i e s  c lose  t o  the c r i t i c a l  point  one needs t o  
reduce the  observed turbidi ty .  This can be done with the choice of X o r  choice 
of f l u i d  with a small d e f r a c t i r c  index. Since the tu rb id i ty  v a r i e s  a s  A - ~ ,  the 
tu rb id i ty  a t  a  given AT* could be g rea t ly  decreased by using longer wavelengths. 
Small continuous He - Ne l a s e r s  e x i s t  a t  1 . 1 5 2 ~ 1 ~  and 3.391~~1. Photomultipliers 
s t i l l  work a t  lpm s o  t h i s  choice would be favored f o r  s p e c t r a l  measurements and 
would decrease the  tub id i ty  by 1 0 . 9 ~  and the r bound by 7 . 5 ~ .  A t  3um photoconductive 
detectors  would be required. The quantum eff ic iency may be s o  low t h a t  beat ing 
spect ra  of t h e  c r i t i c a l  f luc tua t ions  may not be possible. Also the cholse of window 
mater ia ls  becomes more res t r i c t ed .  The following t a b l e  shows the tu rb id i ty  
bounds of AT*, Ap* i n  xenon: f o r  electromrgnetic r ad ia t ion  with a wavelength of 
3vm. 
Table 2.4.3 
Turbidity approach bounde a t  A - 3 .391~  i n  xenon 
e (m) r - AT* AP*, 
(AP * -0) (AT 4) 
lo-2 4 &lo-' 6. ~ x l o - ~  
7. OI~O-' 3. O X ~ O - ~  
l.o~lo-' 1.sx10-~ 
Table 2.4.3 indicates  tha t  a t  3.391ua we could exploi t  the lo')* environment 
-5 
with 100um path c e l l s ,  over a new range of AT* - 10 t o  log8 and Abp* = 2 x 1 6 ~  
t o  2x l0 -~ .  With 63281 we could only go i n  t o  AT* = lo-(. 
Al ternat ively  we can consider going t o  a f l u i d  W ~ L L I  lower d i e l e c t r i c  
I 
constant ,  E = n . The bes t  choice (lowest E)  would be the ra re  i sotope of 
3 helium, He . Here n6328 = u 1.0108 i n  the  f l u i d  near Tc. (We have taken nc f o r  
4 3 He from the data  of Edwards and Woodbury [I9631 and scaled i t  f o r  He ur ing the 
Clawius- Moeotti r e l a t i o n  with the  c r i t i c a l  dens i t i e s  from Appendix D) .  Thue a t  
6328i we expect rHc/~Xe 2 
= (%e - 1  / E - 1  = 1 / 1 3 .  One could f u r t h e r  reduce rHe by 
moving ou t  t o  l u m  o r  3um. Thue, the use of helium would help overcome the  
increase  i n  tu rb id i ty  encountered upon approaching the  c r i t i c a l  point  a t  the  
cos t  of doing experiments a t  cryogenic temperatures (3.3 K). 
The angle dependence of eca t t e r ing  in rene i ty  and linewidth c lose r  t o  the . 
c r i t i c a l  point  a r e  of i n t e r e s t  because of queetions concerning the theory of 
the  f luc tua t ions  i n  the non-hydrodynamic region. The angle dependence of 
i n t e n s i t y  is wr i t t en  i n  scaled form i n  (2.4.4). A t  a f ixed AT*, AD* the angle 
dependence a r i s e s  from the function $(x) with x = k€ and k = 2 ko s i n  8/2.  
Similarly,  the  sca t t e r ing  angle dependence of the  decay r a t e  r b  is given 
by ( 2 . 4 . 6 )  and comes from x i n  t h e  func t ion  yr  (x).  I f  the  measurements a r e  
t o  be used t o  determine E o r  t o  t e s t  t h e  f o r n  of $(x) o r  (tr(x) it is  e s s e n t i a l  
t h a t  we know x prec i se ly .  I f  E variecl over t h e  sample o r  s p e c i f i c a l l y  over the  
diameter of t h e  probing beam i n  t h e  sample due t o  g rav i ty  g r a d i e n t s  then x i s  
correspondingly poorly defined.  Assuming f o r  t h e  moment t h a t  k is  wel l  
de f ined  through m i t a b l e  co l l imat ion  of t h e  inc iden t  and s c a t t e r e d  beams, the  
measurement p r e c i s i o n  of x - k t  w i l l  be  l imi ted  by t h e  uniformity of 6. 
4 We ask t h a t  E be constant  t o  a p r e c i s i o n  p over a height  h = 10- m 5 100um 
o r  
d-5 Using t h e  r e s u l t s  oi  Appendix C f o r  ( z ) ~  one can use (2.4.15) t o  give  
r (8 )  and then t r a n s f e r  t o  CT*, Ap*. We have done t h i s  f o r  xenon with p = 0.1, 
h = 1 0 - ~ m  giving the  lower bound A F ,  AD* contour. shown i n  Fig. 2. :0 f o r  
g* = 1, lo-) and Comparing t h e  f i g u r e  t o  Table 2 .4 .3  slows t h a t  even 
i f  t h e  t u r b i d i t y  limit is lowered by changing t o  3vm wavelengths we w i l l  
begin t o  be l i m i t e d  f o r  g* = lo-) by t h e  c o r r e l a t i o n  l eng th  gradient .  
There is a f u r t h e r  e f f e c t  of t u r b i d i t y  i n  determining x. This occurs 
because k L s  w e l l  def ined only f o r  non-attenuated inc iden t  and s c a t t e r e d  
waves. Attenuated waves give  a spread t o  k. To have k def ined t a  1% we 
need k > 1 0 ~ .  Since k = x/E, w e  r e q u i r e  
P ' P C  
-
PC 
1 dE Fig.  2.10. Contours of - -- h = p for xenon with h = 100ur~, p = .01. t dz 
Experiment8 with a lOOum diameter beam in  the region below and to  the right 
of each contour are severely affected by averaging over correlation lengths 
a t  the values of g* indicated. 
This i s  l e a s t  r e s t r i c t i v e  f o r  l a r g e  x. The condi t ion  (2.4.16) g ives  a lower 
bound f o r  r which is converted i n t o  6T* f o r  Ap^ = 0 and Ap* f o r  AT* = 0. 
Table 2.4.4 g ives  the  r e s u l t s  f o r  1 - 6328A and A 3 . 3 9 1 ~  f o r  t h e  case  x = 1. 
Note they are independent of g. 
Table 2.4.4 
Sca t t e r ing  vec to r  approach bounds 
A r = AT* AD* 
(AP* = 0) (AT* = 0) 
The r e s u l t s  i n  Table 2.4.4 i n d i c a t e  t h a t  the  change i n  wavelength from 
6328 t o  311m would keep t h e  Smearing of k t o  a n  acceptable  l i m i t  down t o  the 
tu rb ld i ty /mul t ip l e  s c a t t e r i n g  l i m i l  f o r  L of the  order  ot  lo-' m o r  m. 
We can summarize the  r e s u l t s  repor ted  he re  by s t a t i n g  t h a t  with the  most favorable 
geometry o f  100pm path c e l l s  and 3um radia t '  *n l i g h t  e c a t t e r i n g  experiments cotlld 
3 
approach c l o ~ e r  t o  t he  c r i t i c a l  poin t  by 1 0  i n  r corresponding t o  lo3  i n  AT* 
1 - 3 
and 10 i n  Ap* i n  a 10 g environment. A t  p r e sen t ,  experimental l i m i t a t i o n s  
would prevent  u s  from f u l l y  u t i l i z i n g  the  m i n i n u  acce l e ra t ions  of 1 0 ' ~ ~ .  Even 
a t  3 p  a requirement. n u i n s  from st t o  aehisve the  minimum r allowed by 
dens i ty  and t u r b i d i t y  we muet fill the  c e l l  accura te ly  t o  o c  t o  wi th in  . 02X.  
This i s  c e r t a i n l y  poss ib l e  but  requiken more ca re  than doe8 sample loading f o r  
e a r t h  bound experiments. 
3. Limit~tions in critical-region experintents due to modificationc of 
fluid properties by a gravitational field. 
In the preceding sections we have com~rented on the technical complications 
that are encountered in various experimental methods near the critical 
point of a fluid in a gravitational field. However, in addition, 
intrinsic limitatjons in earth-bound experiments exist due to the fact 
that the gravitational field modifies the fluid properties in the immediate 
vicinity of the critical point, 
As mentioned in Section 2.4, upon approaching the critical point the 
increase of the compressibility i a  accompanied by an increase in the 
size of the fluctuations that extend over a correlation length 5 .  If 
the system were homogeneous and in true thermodynamic equilibrium the 
compressibility and, hence, the correlation length would actually diverge 
at the critical point. However, the presence of the ~r;ritational flcld 
prevents the fluctuations from growing indefinitely and compressibility 
and correlation length will in fact. remain finite. Thus the presence of 
the gravitational field causes round off effects shich change the 
nature of the thermodynamic behavior in the immediate vicinity of the 
critical point. It is the purpose of this Section to estimate the range 
in temperature and density where exper.lments will be affected by these 
round off phenomena and to elucidate how this range depends on the 
magnitude of the gravitational, field. 
As explained in S~ction 2.2 the gravitational field induces a 
density gradient in a fluid near the critical point. When the density 
does not. change too rapidly as a function of height, one may assume that 
the local thermodynamic properties ~f the fluid at a given ]eve: are the 
same at3 that of a macroscopic homogeneous system with the sare values of 
density and temperature. Under these conditiuns the density profi;e is 
determined by the equations given in Appendix 9 and measurements of the 
local fluid properties in a gravitational field does provide information 
on the thermodynmic behavior of a homogeneous fluid in the absence of 
a gravitational field. 
The assumption of local thermodynamic equilibrium is justified when 
the fluid is locally homogeneous over distances of the order of the 
corr~?lation length, but will break do*m when the fluid properties begL.1 
to vary over distances of the order of the correlation length. In 
Fig. 3.1 we show calcdlated density profiles for xenon in the earth's 
-4 gravitational field ac three reduced temperatures, namely AT* = 10 , 
and The existence of s density gradient implies that also the 
correlation lc.:gth 5 varies as a function of the height. In Fig. 3.2 we 
show the correlation length 5 as a function of the height for xenon in 
the earth's grsvitational field. The curves are calculated in the 
approximation that ths asswlpt ion of local thermodynamic equilibr i urn 
remains valid. However, in the dashed part of the curves the correlatio~ 
length varies so rapidly that the sysrea can no longer assume local 
equilibrium states that are homogeneous over the range of 5 .  Under 
these conditions the laws of thermodynamics no longer suffice tb specify 
the nature of the equilibrium states. The complications that arise when 
I 
the macroscopic thermodynamic relations can no longer be applied at the 
Local level, will be referred to as :!on local effects. 
Such effects will enter when the correlation length 5 starts to 
vary over its own height h = 6. It thus follows from (C.19) that for 
measurements conducted with precision p non local effects will. be encountered 
when 5 3 
Fig. 3.1 Calculated density pro f i l es  for xenon i n  the ear th 's  gravi tat ional  
f i e i d  and assuninq l o c a l  thermodynamic equi 1 ibrium. I n  the dashed 
p a r t  o f  the curves the density varies so rapid ly  that  the assumption 
o f  l o c a l  thermodynamic equi 1 i brium no 1 onger appl ies .  

In te- of the  p a r a w t e r s  r and 0 of the r e s t r i c t ed  cubic model 
equation of s t a t e ,  i t  fo l lovs  from (C.16) t ha t  non loca l  e f f ec t s  can be 
avoided only i f  
Using the  xenon parameters given i n  Appendix E, we conclude tha t  a t  the 
c r i t i c a l  temperature, AT* - 0 (0 . -  'b2-'). non loca l  effect* v i l l  be 
encountered unless  
In Fig. 3.3 we indica te  the region i n  the AT* - Ap* plane where the 
behavior of the  f l u i d  i s  modified by non loca l  e f f ec t s  and, hence, where 
its propert ies  w i l l  be fundamentally d i f fe ren t  from a f lu id  i n  the 
absence of gravity.  
Near the  c r i t i c a l  isochore, Ap* = 0, condition (3.1) becomes 
u n r e a l i s t i c  because of the rapid var ia t ion  of a ~ / a z  and we should, 
instead, consider the  integrated form 
The dis tance J.2 over which the change in  5 is smaller than p i s  
P 
derived i n  Appendix C. In par t icu lar  we rcquire  
5 6 
2 p h a s e  
- 0 . 3  
Fig. 3.3 Regior~ i n  the temperature-density plane where the f l u i d  properties 
are modified by non loca l  effects for g* = 1 (earth 's  grav i ta t isna l  
f i e ld )  and g* = 1 0 ' ~  The curves refer' to experin~ents for xenon 
with a precision a t  the 1% leve l  (p = lo - * ) .  
where A Z  is defined in (C.13). For xenon we obtain 
P 
This equation determines the intercept of the contourt in Fig. 3.3 with 
the AT* axis. 
It follows from (C.lla) and (3.2) that the system will only satisfy 
the conditions for local thermodynamic equilibrium when 
When the critical point is approached more closely, the increase of the 
range of the fluctuations will be suppressed by non local effects. It 
seems plausible to assume that the correlation length C in a fluid in 
a gravitational field cannot grow any further when ( a S / a ~ ) ~  : 1 in the 
local equilibrium approximation. Hence, in a fluid in a gravitational 
field, the correlation length will always remain finite and of the order 
0 f 
It should be noted that the maximum correlation length attainable will 
only increase inversely proportional to the cube root of the gravitational 
field . 
In this section we have considered the intrinsic limitations of 
thermodynamic experiments near the critical point of a fluid in a 
gravitational field. At present, more stringent limitations are imposed 
by the complications associated with the state of the art of the various 
available experimental methods. Nevertheless, current experimental 
techniques have developed to the point that they are on the verge of 
reaching the region of these intrinsic limitations fa earth-bound experiments. 
4. Conclus~ons 
In tbis report we have shown that gravity causes experiments to 
become inaccurate when the critical point is approached sufficiently 
closely. We have considered the ranges in AT* and Ap* which are inaccessible 
in a variety of earthbound experiments and how these ranges shrink when 
gravity is reduced. Some of our conclusions are su~lmarized numerically 
i~ Table 4.1. 
Thi ~=ii;l~al point is a focal point of anomalous behavior of many 
physical properties. In order to understand the nature of these anomalies 
it is desirable to approach the critical point as closely as possible. 
In fact, the most recent experiments (Hocken and Holdover, 1976; Balzarini 
and Ohm, 1972) indicate that at temperatures as close a 1 mK from che 
critical temperature the anomalous behavior near the critical point of 
fluids, although appearing to approach Ising mode' behavior still 
differs from the behavior predicted by some theories for that model. A 
disappearance of this difference at the critical point would have 
considerable theoretical significance. 
Experiments in a low-g environment will provide opportunities to 
study the nature of the anomalies in a range of temperatures near the 
critical temperature inaccessible in earthbound experimeuts. To 
discuss which anomalies are best suited for study in *pace, it is 
convenient to classify avomalies as "strong" and "weak" (Grif f iths and 
Wheeler, 1970). In this rough classification, quantities which behave 
like (T-T~)-' on the critical isochore are called strongly anomalous if 
p is greater than, perhaps, 0.5. Thus the isothermal compressibility, 
the constant pressure specific heat, the thermal diffusivity, and the 
correlation length exhibit strong anomalies in pure fluids. In contrast, 
N O  n N C I N  rl 
ORIGINW PAGE IS 
OF POOR QU- 
properties for which p is less than 0.5 (or even negative) exhibit weak 
anomalies. Examples in pure fluids are: the velocity of sound, the constant 
volume specific heat, the dielectric constant, and the shear viscosity. 
In general, strongly anomalous quantities can be studied sufficiently 
well on earth (particularly with refinements of optical techniques 
mentioned In Chapter 2) so that low-g experiments do not seem deelrable at 
present. If the technology advances to the point where the non local 
effects of Chapter 3 are encountered, this statement would have to be 
revised. On the other hand, those prcporties which exhibit weak anomalies 
and which must be studied in bulk eamples are excellent candidates for 
scientifically valuable low-g experiments. The study of theee weak 
anomalies in pure fluids is hampered by the strong variation of fluid 
density with height on earth. 
The weak anoliraly in the index of refraction is a particularly 
important one for low-g studies. Thorough understanding of 'the index of 
refraction anomely ie of interest in itself; however, it is of even 
greater interest in its impact upon the interpretation of equation of 
state data obtained by optical techniques. Other good candidates for 
study in a low-g environment are the CV and viscosity anomalies which, 
with present technology, must be studied in bulk samples at least several 
tenths of a millimeter high. 
In the areas of phase transition phenomena in fluids, low-g studies 
of spinodal decomposition, nucleation, and macroscopic phase separation 
all seem appropriate. At this time, it l a  hard to present a detailed 
justification of low-g rtudier brcr~re the phenomenology is not ae well 
developed in theoe area8 ar it ir for the thermophyrical properties. We 
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believe exploratory experiments which exploit the long sedimentation 
times available in spacelab are appropriate. We agree with the Overstudy 
Cormnittee (Dodge et al., 1975) that very simple experiments will be 
extremely important. The Overrtudy Cormnittee described one such experiment 
(Dodge et al., p.9) which we heartily endorse: 
Take a set of samples of a one-component fluid with different 
densities. Included should be a sample at subcritical density, a 
sample at the critical density and a sample at supercritical 
denaity. Let the temperature vary either continuously or dis- 
continuously through the transition temperature and take photo- 
graphs a: regular temperature intervals. Compare these photographs 
with those obtained at earth under the same in~trumental conditions. 
Conduct similar experiments for a set of samples of a binary mixture 
at concentrations smaller than, equal to and larger than the 
critical concentration. 
Appendix A. Parametric equations of state for fluids near the critical 
point. 
A.l Introduction 
Let p be the density, V the volume, P the pressure, T the temperature, 
p the chemical potential, P = C-'(ap/a~)~ the ieotheimal compressibility 
and C the heat capacity at constant volume. It will also be convenient v 
to introduce a "symmetrized" compressibility 
The thermodynamic properties are made dimensionless by ?xpreeeing them 
in units of appropriate combinations of the critical temperature T the 
c' 
critical density pc and the critical pressure PC. Specifically, we 
define 
T* = TIT,, P *  = pip,, P* = PIP, 
Note that the reduced specific heat C$ is taken per unit volume. In 
addition we define the difference6 
(A .  3a) 
(A .  3b) 
(A .  3c) 
The behavior of various thermodynamic proyer t ies  is described by 
power lars when the c r i t i c a l  poiint is approached along spec i f i c  paths i i ~  
the  AT* - Ap* plane. One customarily define3 four c r i t i c a l  exponents 
a ,  B, y, and 6 associated with the  thermodynamic behavior bf ..luj.ds near 
the c r i t i c a l  point.  (Rowlinson, 1969). The exponent a describes the  
divergence of C along thz  c r i t i c a l  isochore. v 
(A.  4a) 
the  exponent B charac te r izes  the shape of the coexistence curve 
(A.  4b) 
the exponent y descr ibes  the  divergence of the c o m p r e s ~ i b i l i t y  
and the  exponent 6 spec i f i e s  the behavior of AP along the c r i t i c a l  
i s o  thcrm 
The descr ip t ion  of the thermodynasic behavior is based on a sca l ing  
hypothesis (Widom, 1965; Fisher,  1967; Levelt Sengers, 1 9 7 4 ,  1975). This 
sca l ing  hypothesis suggests t ha t  the equation of s t a t e  uFon approaching 
the c r i t i c a l  point w i l l  be asymptotically of the form (Gr i f f i t h s ,  1 9 6 7 )  
The scaling hypothesis implies that the thermodynamic critical exponents 
introduced in ( A . 4 )  satisfy the relations 
so that only two exponents can be chosen independently. 
The function h(x) in (A.5) must satisfy a number of sta5ility ane 
analyticity conditions (Griffiths, 1967;. However, ~t turns out to be 
very difficult to formulate an explicit mathematical expression for the 
function of h(x) that would satisfy all required analyticity conditions 
and which would be analytically integrable to calculate the specific 
heat (Vicentjni-Missoni -- et al., 1969; Schmidt, 1971; Levelt Sengers 
et al., 1976)- 
These problems are solved by using parametric eq-ations of state 
(Josephson, 1969; Schofield, 1969). In the parmetric equations of 
state the relationship between the physical variables Ap*, AT* and Ap* 
if given implicitly via two parametric variables r and 0 .  The constraint 
that the scaling law (A.5) is satisfied is met by the fcllowing choice 
The v a r i a b l e  r is  meant, i n  some sense ,  t o  d e s c r i b e  a d i s t a n c e  from t h e  
c r i t i c a l  po in t  and t h e  ~ z i m u t , h a l  v a r i a b l e  8 a l o c a t i o n  on a contcdr  of 
cons tan t  r. The c r i t J c a l  i sochore ,  t h e  c r i t i c a l  isotherm an+ the  
coexis tence  curve a r e  a l l  curves  of cons tan t  angle  9. 'In Fig.  A1 w e  
3ho-a the l o c a t i o n  of t h e s e  curves i n  t h e  A ~ *  - AT* plane and indic.ate 
t h e  meaning of t h e  parametr ic  v a r i a b l e s  r c-d 6. 
Parametric equat ions  of s t a t e  wi th  va r ious  choices  f o r  the  func t ions  
H(e), T(8) dnd M(8) have been used sciccessfully t o  r epresen t  experimental  
equat ion of s t a t e  d a t a  i n  t h e  c r i t i c a l  region of f l u i d s .  The parametr ic  
equat ions  of s t a t e  used i n  t h i s  r e p o ) t  a r e  t h e  r e s t r i c t e d  l i n e a r  model, 
t h e  r e s t r i c t e d  cubic  model and t h e  Wilcox-Estlar equat ion of s t a t e .  
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Fig.  A l .  Coexistence curve, c r i t i c a l  isochore and c r i t i c a l  izathenn i n  
the plane with coordinate axes du and t = AT*. 
A.2 Restricted linear mo*. 
The restricted linear model equation of state corresponds to the 
choice (Schofield, 1969; Schofield, Litster and Ho, 1969) 
with 
(A. 9a) 
(A.9b) 
(A.9c) 
(A .  9 d )  
where a and k are adjustable constants. In this formulation 9 = 0 on I 1 
the critical isochore. 6 = * llb on the critical is~thern and 8 = - 1 on 1 
the coexistence curve. The sign of 3 corresponds to the sign of AD*. 
The restricted linear model yields for the compressibility 
and for the singular contribution to the specific heat 
so that a contour of constant r may be interpreted as a contour of 
constant anomalous specific heat ISchof+-eld, Litster and Ho, 1369). 
The restricted linear model has been used to fit experimental data 
fcr magnets (Schofield, Litster and Ho, 1969) and fluids (Hohenberg and 
Bamatz ,  1972; Huang and Ho, 1973; Thoen and Garland, 1974; White and 
Maccabee, 1975; Level t  Sengers and Sensera, 1975; Levelt  Sengers e t  a l . ,  
1976). ~t can be i n t e g r a t e d  and a l s o  be f i t t e d  t c  the  pressure (Murphy 
e t  a l . ,  1973, 1975). 
Res t r i c ted  l i n e a r  model parameters f o r  a va r ie ty  of f l u i d s  are 
presented i n  Appendix D. 
A.3 Res t r i c ted  cubic model. 
The r e s t r i c t e d  cubic model equation of s t a t e  corresponds t o  the  
choice (Ho and L i t s t e r ,  1970; Huang and Ho, i973) 
AZ* = a2 r56 e(1-e2) (A. 12a) 
AT* = r(1-b2' e2) (A.123) 
AD* = k2 r6 e( l+c  e2) ( A . 1 2 ~ )  
with 
3 b*2 = - 266-3 , c =  - (A. 12d) 
3-28 3-26 
where a and k2 are a d j u s t a b l e  constants.  J u s t  a s  i n  the  1iner.r model, 2 
0 = 0 on t h e  c r i t i c a l  isochore,  8 = * l / b Z  on t h e  c r i t i c a l  isotherm and 
€I = * 1 on t h e  coexis tence curv.. 
The r e s t r i c t e d  cubic model yie'ds f o r  the  compressibil i ty the 
simple form 
( A .  13) 
so t h a t  a contour of constant  r corresponds t o  a contour of constant 
compress ib i l i ty .  
When the restricted cubic model is fitted to axperhental data the 
quality of the representation l o  comparable to that of the restricted 
linear model. Reetricte~ cubic rode1 parameters for a variety of fluids 
are presented in Appendix D. 
A. 4 Wilcox-Katler model. 
?he parametric equation introduced by Wilcox and Estler 119711 has 
been uszd to analyze density gradlent profiles in the extreme vicinity 
of the critical point (Estler et al., 1975; Hocken and Holdover, 1976). 
It is defined through the equatfons 
with 
This equation of state is designed such that 
(A. 14a) 
(A. 14b) 
(A. 14c) 
(A. 14d) 
( A .  15) 
SO that a contour of eonstant r = (~IX~)l'ycorresponds to a contour of 
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constant compressibility as in the restricted cubic model. It has the 
additional feature that AT* is a linear function of both r and 8. 
In this formulation lines of constant 9 are straight lines aa indicated 
in Fig. A2. In this model 8 = o correeponds to the critical isotherm, vhile 
8 = eo on the critical isochore and 9 = 9, on the coexietence boundary. 
For the special choice BA = 312 the Wilcox-Estler model reduces to the 
restricted cubic model (Estler et al., 1975). 
CRITICAL POINT 
Fig .  A2. Coexistence curvP, c r i t i c a l  isochore and c r i t i c a l  isotherms i n  the 
* 'Iy and t = LT*. plane w i t h  coordinate r x i s  r = ( l / x T  ) 
Appendix B. Calculation of density profile. 
We assume that at each level z the local chemical potential 
U(P(~)rT) equals tne chemical potential of a system with uniform density 
p - p (z) at temperature T in the absence of gravity. The conditions 
under which this assumption is valid are discuaeed in Section 3 of this 
report. Since in the presence of gravity the total chemical potential 
is the sum of the local chemical potenrial ~ ( p  ( r )  ,T) and the gravitational 
potential mgz, we have 
vhere m is the molecular mass, if the chemical potential is taken per 
particle and where Az = z - z . For convenience we take the reference 
0 
level z as the level where P = P,. In t e n s  of dimensionless quantities 
G 
we write 
with 
The quantity A u *  is defined in (A. 3a) and the product oc m ie the mass 
density at the critical point. The qu~.ntity H represents a scale height 
for the chemical ~ ~ t e n t i a l  of a fluid in a field of gravity g. Ho 
represents the scale height for the chemical potential in the earth's 
gravitational field where g = go. In Appendix D we present. the scale 
factors for the critical isotherm for a number of fluids in the earth's 
gravitational field, where 
(These scale factors for the critical isotherm differ from Ho by a 
numerical factor, D, which varies between 1.2 and 3.2 among various 
fluids). Introducing a gravity ratio 
we r . 3 ~  rewrite (B. 2) as 
Substitution of the scaled equation of state (A.5) into (B.6) 
yields the relationship between height and density at a given temperature. 
In practice we either use the restricted linear model (A.9), the restricted 
cubic model (A.12). or the Wilcox-Estler model (A.14). 
It follows from (A.l) and (B.6) that the density gradient 
(ap*/3zIT is given by 
In practice the density can be determined as a function of height 
using a float densimeter (Greer et al., 1974) or by rneasur1.- the capacitances 
between a stack of horizontal conduction plates (Weber, 1970). The 
density resolution in such experiments ie limited by the variation of 
the density over the height h of the float or the distance h between the 
two capacitor plates. If the local density is to be obtained with a 
precision p we must require that 
It thus follows from(B.7) that errors due to gravity in determining 
densities are avoided if 
or in terms of the c-abic model parameters, using (A.:3), 
For xenon this condition reads 
where the heig\t h is to be ex~ressed in m. In particular at the critical 
isochore p 
= pc 
and at the critical isotherm T 
= Tc 
Appendix C. Calcul.ation of correlation length. 
C. 1. Definition of correlation lenys. 
When a fluid approaches the gas-liquid critical point, its thermodynamic 
state is accompanied by large fluctuations in the density. The magnitude 
and spatial character of these fluctuations are described in terms of a 
correlation function defined as (Stanley, 1971) 
+ 
where p (R) is the local (number) density at position ft and 
p the average equilibrium density which is independent of the position 
R (not considering the presence of external forces such as gravity). 
The zeroth order moment of the correlation function is related to the 
isothermal compressibility by the fluctuation theorem 
kBT xT = p 2 1 d i  G(R) (C. 2 )  
The correlation function G(R) = G(Ap*,AT*; R] ie a function 
+ + 
Ap* and AT* as well as of R (where R = 1 R - R'I ). 
The spatial extent of the fluctuation8 is characterized by a correlation 
iength 6 .  It is defined as (Fisher, 1964, 1967) 
r c .  '4) 
The correlation length C diverges at the critical point. In ptirticular 
along the critical isochore it follows the power law 
Another exponent n is  introduced t o  spec i fy  the  na tu re  of the 
dependence of the  c o r r e l a t i o n  funct ion On the  d i s t ance  R. I t  is defined 
such t h a t  a t  the  c r i t i c a l  point  Ap* = 0, AT* = 0 
The exponent i s  zero i n  the  c l a s s i c a l  theory of Ornstein and Zernike 
(F i she r ,  1964) .  In  cur ren t  t h e o r i e s  Q is  small, but f i n i t e .  
The c o r r e l a t i o n  func t ion  exponents v and rl a r e  r e l a t e d  t o  the  
thermodynamic c r i t i c a l  exponents a ,  0, Y , 6  introduced i n  Appendix A by 
t h e  r e l a t i o n s  (Fisher ,  19b7; Widom, 1974)  
T h e r e l a t i o n s  (C.7) and (C .8 )  are sometisee re fe r red  t o  ee hyperecaling 
r e l a t i o n s  (Level t  Sengers and Sengers, 1 9 7 5 ) .  
C.2 Correlation length as a function of deneity and temperature. 
The correlation length 6 = E( Ap*, AT*) is a function of deneity and 
temperature. The hypothesis of scaling for the thermodynamic behavior 
can be extended to the correlation function G(A~*, Q*;R) as a function 
of do*, AT* and R {Kadanoff, 1966). The scaling hypothesis implies that 
the correlation length 6 can be written in the form (Sengers and Levelt 
Sengers, 1976) 
where x = &5*/ ]AD* is the thermodynamic scaling variable introduced 
in (* ,6 )  and xo - - A T * / ~ A ~ *  1110- 13-11', where B is the amplitude of 
CXC 
the power law (A.4b) for the coexistence curve. The function R(x/xo) is 
.% 
a universal function such that R(") = 1 at the critical isachore x = ". 
The amplitude 50 a be deduced from light scattering data (Chu, 1977). 
In this report we have calculated the correlation length in the 
,. 
approximation that R(x/xo) = 1 independent of x 
This approximation, though not strictly valid, is adequate for the 
purpose of this report (Sengex and Levelt Sengers, 1976). In this 
approximation a contour of constant compressibility x$ coincides with a 
contour of conetant correlation length 6. For this reason we found it 
convenient to calculate 6 using the restricted cubic model equation of 
state (A.12) for which 
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I = c0 r'" 
AT* = r ( 1 - b $  e 2 )  
AD* k2 rB e ( l +  c 0 2 )  
with b and c again given by (A.12d). 2 
( C .  l l a )  
( C .  110) 
(C. 1  l c )  
C.3 Correlation length as a functio~l cf height. 
Once the density profile and density sradient profile has been 
calculated from (B.6j and (B.7), the correlation length as a function of 
height follws f + ~  (C.10). In terms of the parameters of the restricted 
cvbic modei the relationship between the correlation length 5 and the 
hcig+t z at a given temperature aT* is determined by 
The correlation length assumes its maxunum value at the level 
Az = 0 (6 = 0) corresponding to the cricical density. The height a z  at 
P 
which the correlation lenqrb will be reduced by a factcr 1-p is determined 
by t h e  conditions 
so that 
The rate at wnich the correlation length F, at arbitrary ie+,:-: . v;: i' 
vary as a function of height is letermined by 
(C. 15) 
I n  iems of t h e  parameters  of t ! x  e e s t r i c t e d  cub ic  model t h i s  equa t ion  
pecornes 
- 
i r i  p a r t i c u l a r  at Ehc ~riticai t enpc ra tu r t :  AT* = C, ( 4  = * b2 t h i s  
gradient xi11 vary 3s 
The c o r r e l a t i o n  l e n g t h  i; t h e  fund.menta1 l e n g t h  s c a l e  which t , . - ,1  
d;rtermir.cs ;he ano~calous  hetthvior of therroodynamic ard t r anspok t  p r o p e r t i e s  
n e a r  t h e  c r i t i c a l  po!.nt. I n  a t t z a l  exper iments  t h e s e  p r o p e r t i e s  z r e  
3easured  as ave rages  ove r  a f i n i t e  h e i g h t  h. Such exper iments  u i l l  be 
r e l i a b l e  when t h e  c o r r e l a t i o n  i e n c r h  over t h i s  h e i g h t  does  n o t  vary  
w i t h i n  t h e  p r e c i s i o n  p  d e s i r e d .  Thus  i n  c r d e r  t o  , v o i d  e r r a r s  due t u  
g r a v i t y  we r e q u i r e  t h a t  
( ~ ( n z  + h/2) - (AZ - h/2)l+ P F(AZ)  (c. i a i  
which we approximate as 
Upon substituting (C.118) and (C.16) into (C.19) we conclude that the 
error9 dtle to gravity will becow appreciable unlces 
When combined with (C.llb) and (C-llc) this equation defines a range in 
the CT* - La* plane where the measurements become inaccurate due to 
gravity effects. In particular at the critical temperature AT* a 0, 
this cond,tion becomes . 
where D is the amplitude of the critical ieotherm defined in (A.4dj. In 
r .rticular for xenon 
&ere h is t o  be expressed jn merers. 
A t  the  c r i t i c a l  isochore I% * = 0 a t  T $ T c ,  ( a C / a ~ ) ~  - 0 and (C. 19) 
l a  not a good approx-tion t o  (C.18). The dis tance A t  over vhich the  
P 
corre la t ion  length i s  reduced t v  a f ac to r  1-p Is given by (C .14) .  In 
(C. 22) 
ord-r t o  avoid grfivity effect,  we must requfre :ha: t h i e  dis tance be 
la rger  than ;he he igh t  ( s t r i c t l y  h/2)  over vhich the propert ies  a r e  
measured 
I t  thus follows from (C.14) and (C.23) tha t  a t  the c r i t i c a l  isochore 
In pa r t i cu l a r  f o r  xenon 
where h is t o  be expressed i n  neters .  
table C. 1. Critical Region P a r u t e n  for a ttuhr.ber of 
Fluid. krrr iw Universal Effective Erponeat8 
- 
The last quantity tabulated. OHo- D P /to, i 8  the scale factor f-  the density 
a c 
vs height profile at the crftical  temperature. D i 8  found from the relation: 
D = alkl -' blb-'(b: - 1). which ia taken fram Sager* e t  a1. 11S76J. 
- 
Crf t icr l  Point P a r m t e n  
Tc 
Wa kg/. K 
%e 0.11678 41.45 -3.3099 
'He 0.22742 69.6 5.1895 
A r  4.865 535 150.725 
Kr 5.4931 908 209.286 
Xt .5.8400 1110 289.734 
p H 2  1.285 31.39 32.935 
N2 3.398 313.9 126.24 
O2 5.043 436.2 154.580 
H20 22.06 322.2 647.i3 
D20 21.66 357 643.89 
C02 7.3753 467.8 34.127 
IP13 11.303 235 405.4 
SF6 3.7605 730 318.687 
CH, 4.595 162.7 190.555 
C2H4 5.0390 215 282.344 
C2H6 4.8718 206.5 30 .33 
C3H8 4.247 221 369.82 
Notes: a - 0.100 8 = 0.355 
y - 1.190 6 = 4.352 
v 0.633 II = 0.12 
I 
Restricted 
Linear Ml 
Irl "1 
0.Q4 4.58 
1.021 6.40 
1 .  16.1 
1.309 16.1 
1.309 16.1 
1.156 9.6 
1.361 18.2 
1.309 15.6 
1.622 21.6 
1.622 21.6 
1.436 21.3 
1.573 21.4 
1.337 23.9 
1.3G1 17.0 
1.350 17.5 
1.416 20.2 
1.451 20.2 
blP-1.3909 
Astr lc ted 
Cubic Model 
'4! "7 
0.818 4.05 
C.901 5.66 
1.160 14.2 
1 . W  14.2 
1.16014.2 
1.024 8.5 
1.20616.1 
1.160 15.9 
1.43819.1 
1.438'19.1 
1.273 18.9 
1.39419.1 
1.18521.2 
1.20615.1 
a 
906 
946 
2260 
1500 
1310 
10410 
2563 
2790 
8980 
7950 
3470 
71 34 
1730 
I 
1.197 15.5 S'AO 
1.251 17.9 1 6260 552
1.286 367.9 
b2' = 1.310g 
c -0.0393 
3830 
Appendix D. Physical constants for various fluida. 
In this Appendix we present critic81 Parameter8 and critical region 
parameter. :or a number of fluid., taku from r mrvq prepared by 
Sewers and Levelt Sengers [1977]. The restricted linear d c l  and 
cubic model parameters in this table represent informed estlmatee assmtng 
universal effective critical experiments correeponding to the range 
Appendix E. Parameters used f o r  xenon i n  t h i s  r epor t .  
Critical po in t  parameters JLevelt  Sengers et el., -1976) 
PC = 5.8400 MPa 
w, = 1110 b / m  3 
Tc = 289.734 K 
Ho = Pc/pcgo = 536 m 
Res t r i c ted  l i n e a r  model (Levelt  Sengers e t  a l . ,  1976) 
a --- 0.100 A = 1.71 kl = 1.309 
0 = 0.355 B = 1.827 a = 16.1 1 
y = 1.19 r = 0.0813 b12 = 1.3909 
6 = 4.352 D = 2.44 
Res t r i c ted  cubic mode' (Sengers and Levelt  Sengers, 1976) 
Vilcox-Estler model (Hocken and Moldover, 1976) 
n = 1.1379 
C 
8 = 0.3293 
n '= 0.14 
C 
y = 1.229 
Corre la t ion length  (Swinney and Henry, 1973) 
v = 0.633 5 0  = 2.0x10-~Om. 
Ac knovledgmen t s 
The authors have benefitted from many stimulating discussions with 
~ r .  J.M.H. Levelt Sengers. J.V. Sengers is also indebted to Professor 
J.U.L.  Van Leeuwen for some valuable observations concerning gravity 
effects in fluids necr the critical point. 
Nomenclature 
A = amplitade of power law for specific heat C, 
a = parameter of linearaodel 1 
a2 = parameter of cubic d e l  
B = amplitude of power lav for coexistence curve 
bl = parameter of linear model 
b2 = parameter of cubic model 
Cv = constant-volume heat capacity 
Cv* = cvTc/VCPc 
c = parameter of cubic model 
D = amplitude of power law for chemical potential along critical 
isotherm 
d = sample thickness 
g(R) = correlation function as a function of distance 
g = gravitational acceleration 
go 
= 9.80 mlsL = earth's gravitational acceleration (units) 
g* = g/gO = gravitation acceleration relative to its value at the 
earth's surface 
h = sample height 
H = Pc/pcrng = scale height for chemical potential 
Ho = P c / ~ c ~ g o  scale height for cheeical potential on earth 
\ k = wave ve. r 
b 
= Boltzmann's constant 
kl = parameter of linear model 
k2 = parameter of cubic model 
m = molecular mass 
n = refractiveindex 
r e f r a c t i v e  index a t  c r i t i c a l  po in t  
n  = value  of nl a t  c r i t i c a l  po in t  
r 
Pressure  
c r i t i c a l  p ressure  
PIPc 
(p-pc)/Pc 
des i red  p r e c i s i o n  
AP* = 
parametr ic  v a r i a b l e  
s p a t i a l  coordinate  
magnitude of s p a t i a l  coordinate  
s c a l i n g  funct ion f o r  c o r r e l a t i o n  length  (Appendix C. 2) 
s t ruc t r i r e  factor 
temperature i n  Kelvin 
c r i t i c a l  temperature 
TITc 
(T-Tc ) /Tc 
AT* 
AT* = 
volume 
s c a l e d  thermodynamic v a r i a b l e  AT*/ 1 bp* I ' I 8  o r  sealed wave vec to r  k t 
*-110 
parameter of Wilcox-Estler model 
h e i g h t  
he igh t  a t  which p  = pc  
2- 2 
0 
Creek l e t t e r s  
a = exponent of power la:,  f o r  e p e c i f i c  hea t  Cv 
6 - exponent of power l a w  f o r  coexis tence  curve 
y = exponent of power law f o r  cornpreeeibi l i ty  xT 
- amplitude of power law f o r  compress ib i l i ty  kT 
I" - decay r a t e  of ent ropy f l u c t u a t i o n 8  
s 
6 = exponent of power law f o r  chemical p o t e n t i a l  along c r i t i c a l  
isotherm 
E = d i e l e c t r i c  constant  
A 1 - 9 / = parameter c f  Wilcux-Estler model 
0 X 
rl = exponent f o r  s p a t i a l  dependence of corre la t ioxi  func t ion  
a t  t h e  c r i t i c a l  po in t  
8 = parametr ic  v a r i a b l e  
8 = value  of 8 on c r i t i c a l  i sochore  i n  Wilcox-Estler model 
0 
= value  of 3 on coexis tence  curve  i n  Wilcox-Estler model 
r 
-, = c o r r e l a t i o n  length  
6, = amplitude of power l a x  f o r  c o r r e l a t i o n  l eng th  
A = w a v e l e n g t h  
P = chemical p o t e n t i a l  pe r  p a r t i c l e  
U* = UFc/P, 
A u *  = { u ( p , T )  - I J ( P ~ , T ) I P ~ / P ~  
v = exponent of power law f o r  c o r r e l a t i o n  l eng th  
p = number d e n s i t y  
c 
= c r i t i c a l  d e n s i t y  (par t ic les /volume)  
- 
p = average d e n s i t y  
A,)* = 
CXC 
density of vapor or liquid at  coexistence 
(ocxc- P C )  /pc 
cross section area 
turbidity 
frequency 
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